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<1 PREFACE

This version of the Alds fox the Study c¢f ELectromagnetic Blackout con-
tains new data on energy deposition, atmospheric air chemistry, and
electromagnetic propagation effects caused by inhomogeneities in the
propagation medium. This document is intended for use by those gener-
ally familiar with derivations and discussions presented in Defense
Nuclear Agency (DNA) hancbooks describing nuclear weapon cffects on
electromagnetic propagation. Equations and graphical data describe
nominal values for weapon and atmospheric quantities obtair~d from cur-
rent models. While uncertainties and limitations in the use of these
data are indicated, the user should refer to the more detailc ' descrip-
tions given in DNA handbooks for possible variations and prediited re-
sults.
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Uniess otherwise stated, the symbols and units used are as defined in
Section 1. Section 1 also contains a glossary of terms frequently used
in the nuclear weapon effects literature. Atmospheric properties used
in the computations for this report are given in Section 8.
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SECTION 1
SYMBOLS AND GLOSSARY

SYMBOLS

A Atomic mass number or atomic weight; integral of the incremental
radio wave absorption (dB): debris aren (km=); attachment rate
(sec™?)

Ao, AD Initial vignal amplitude and the disturbed signal amplitude,
specifically after transmission through an ionized medium
a Incremental absorption (dB km™')

Bv Boltzmann distribution function
3 -1
2hy* hv 1 .
= vl B : ’ 7.
v ¥ [exr (k1‘) 1] see Figure 2-8
BT Time bandwidth product
)] Detachment rate (scc '); doppler shift (Hz); great circle dis-

tance measured along carth's surface (km); noimaliiced neutron‘
enor¥y deposition rate duec to capture reactions (cm’ ergs gm-!
sec™ ')

ﬁnrnv Root -mean-square doppler frequency shift due to scintillatien
e from striations (Hz)

d Distance of closest approach between debris center and ray path
(km); distance from radar to firchall clutter region or target
(km)

4Hd Extent of clutter or depth of fireball (km)
E Photon and particle energy (MeV, keV)

E Exponential integral,
-t

. v [
f']()\} = -—t—- dt

X




(see Handbook of Mathematical Functions, NBS Applied Mathemat-

ics, Seri2s 55)

Average energy of neutron spectrum
Average encergy of beta spectrum (MeV)
Gamma-ray enrergy release rate (MeV fission™! sec™!)
Neutron flux (MeV cm™?)

Fracticn of 2nergy trarsmitted

X-Ray flux (MeV cm-?)

Beta particle flux (MeV cm-? sec™!)
Gamma ray flux (MeV cm=?, MeV cm-? sec™!)
Frequency (Hz)

Yield fraction for promp. neutrons
Plasma frequency (Hz)
Yield fraction for prempt X-rays

Yieid fraction for prompt gammas

GR Transmitter and receiver spatial gain function for an antenna
Acceleration of gravity at the earth®s surface (980 :m sec~? at
sea level)

Altitude, Planck's constant (km)

D Burst or detonation altitude (km)

Debris altitude (km)

Intensity

Gamma radiation intensity parameter (watts m-?)
Opacity (cm™-)

Boltzmann constant; rate of ion-atom interchange (cm? sec");
absorption cocfficient (nepers)
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Integrated absorption (nepers)
Cori. lation length at the striation phase changing screen (km)
Penetrated or intervening mass (gms cm™2); molecular weight

Concentration of positive molecular ions in the E- and F-region
(em=?)

Number density of striations (km~?%) I ol

Compton electron flux (em™? sec™!); electron density correspond-
ing to w=w
p
Electron density (cm'3)
Average background electron density (cm=?)
Positive and negative ion density (cm~?)
Ton pairs caused by neutrons (cm'3)

Flux of neutron decay beta particles (cm~2 sec-!)

Avogadro's constant (gm mole) !, initial ion pairs produced
by prompt radiation (cm~?)

Ton pairs caused by X-Rays (em™?)

Positive ion number density (cm™?)

Negative ion number densit, (cm™?)

Number density of positive nitrogen ions (cm™?*)

Number density of nitric oxide molecules (cm™®)

Total number density of atmospheric particles (em=?)
Normalized ncutron spectrum (neutrons Mev-! neutron")
Beta particle disintegration rate (betas fission™! sec™ )

Normalized beta-particle energy distribution function (betas
MeV~' beta™!)

Normalized photon energy Jdistribution function (photons Mev-?
photon“)
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[0] Number density of oxygen atoms (cm~?)

+ . - - - - ~
[¢]) Number density of positive oxygen ons (cm™?)

p Air pressure (dynes cm"?)

P Ambient air pressure {dynes em™?)

P., P, Received or transmitted power (watts)

P Pressure at shock front {dynes em”?)

P Gamma-ray enurgy deposition rate in the atmosphere near the
source (gm~! sec=! km?)

q lon-pair production ratc (em~" sec™')

Ion-pair production rate duc tc Compten electrons in conjugate

(s
1 S =3
regions (cm™’ sec™’)

2]

q Ion-gair production rate due to neutron capturc reactions
ne 3 eppe-)
(cm-° sec™')

-3
k]

q, lon-pair production rate due to beta particles {cm™® sec-!)
Ho]

. . 2
JTon-pair production rate due to gamma rays (cm~’ sec™!)

R Radial distance from burst or debris center to point of interest
(km); reflection coefficient

R Debris radius (km)
R. Fireball radius (km)

R Closest point of approach between detonation point and magnetic
field linc through the point of interest (km)

r Characteristic distance for point explosion (cm)

r Radius of spherical shock front (cm)

5 Position aleng a ray path (cm) 3
S Total length of a ray path (cm) %
T Temperature (°K) |
T Effective antenna temperature {°K)
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Striation decorrelation time (=(2nfD)-l)
Electron temperature (°K)

Fireball temperature (°K)

Signa! symbo! period (sec)

Radiating temperature of weapon (RTX in keV)
Characteristic time scale for a point explosion
Volume (km?)

Velocity (m sec™!)

Group velocity (m sec™!)

Phase velocity (m sec™!)

Relative velocity between target and striations perpendicular
to the line of sight between the radar and target (km sec™’)

Total vield (M
Fissioan yield (MT)
Hydrodynamic yield (MT)
Atomic number

Fresnel distance (=A®/d) where X is the wavelength and
d is the characteristic dimension of the scattering region

Distance in the direction of the gradient of the electron
density

Characteristic scale length for the clectron density spatial
variation

Ior-ion and ion-electron recombination coefficient (cm® sec");
incremental absorption (nepers km-!)

lon-electron recombination coefficient (em? sec™ 1)
Ion-ion recombination coefvicient (cm3 scc")

Radiative collisional recombination coefficient (cm3 sec™ 1)
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Ops a% Incremental absorption (nepers km™!)
B, B Ion-atom interchange rate coefficients (sec™})

I'(x) Gamma function (see Handbook of Mathematicai Functions, NBS
Applied Mathematics, Series 55)

Y Radar beamwidths; air constant
n Complex index of refraction; surface scattering coefficient
i (0T = nA where A 1is area of scatterer)
K Opacity (cm'l)
K, Frequency dependent opacity (cm™}!)
A Wavelength (cin); me:n-free path (cm)
d Real part of the complex index of refraction
UD Debris energy absorptiuvn coefficient (MeV cm? gm'l)
“n Neutron energy absorption coefficient (cm? gram™!)
§ M X-Ray energy absorption coefficient (cm® gm-'}
; E; Normalized energy deposition integral (cm® gm~!)
| Mo :ta-part{Fle energy absorption coefficient (cm® gn~')
MY Gamma-ray energy absorption coefficient (cm? gm™1)
\Y Collisional frequency (sec™!); frequency (Hz)
G;m Electron-neutral collision frequency (sec")
G;i Electron-ion collision frequency (sec™!)
3;0 Electron-oxygen atom collision frequency (sec™)
Gﬁm Ion-neutral collision frequency (sec~!)
o Mass density (gm cm™?)
Py Ambient air density (gm cm~?)
Py Air density at detonation altitude (gm cm-?)
Ppp Air density within the fireball (gm cm~?)
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Air density at shock front

o, Sea level air density (1.29 x 10~ gm cm™%)

g Scattering cross section (m?); initial standard deviation for
a Gaussian pulse

% Standard deyiayion for‘a Gaussian pulse after propagation
through an ionized medium

o Surface scattering coefficient (m?/m?)

oy Total radar cross section (m?)

Uv Volume scattering cross section (m2/m3)

T Time instant (sec)

o Magnetic dip angle (degrees)

A¢;ms Roog mean square phase flucFuation for a wave traversing a
striation phase screen (radians)

w Radian frequency (radians sec™')

wp Radian plasma frequency (Zﬁfp)

GLOSSARY

ABSORPTION: As applied to electromagnetic radiation it is strictly the

process resulting in the transfer of energy from the radiation to an
absorbing material through which it passes. In this sense, absurp-
tion involves for radio waves the heating of the intervening material
and for gamma- and X-Rays the photoelectric effect and pair produc-
tion. However, the term is frequently used interchangeably with at-
tenuation; absorption then includes both the removal and scattering
of energy. See Attenuation, Scattering.

ABSORPTION COEFFICIENT: A number characterizing the ability of a given

material to absorb (or attenuate) radiations of a specified energy.
The ! 'near absorption coefficient expresses this ability per unit
thickness and is stated in units of reciprocal length (or thickness).
The mass absorption coefficient is equal to the linear absorption co-
efficient divided by the density of the absorbing material; it is a
measure of the absorption ability per unit mass.

ACTIVITY: The rate of decay of radioactive material expressed as the

number of nuclear disintegrations per second.
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AMBIENT: Surrouding; especially of or pertaining to the undisturbed at-
mosphere,

AMPLITUDE: The maximum displacement of an oscillating particle or wave
from its position of equilibrium.

ANGLE OF INCIDENCE: The angle between the perpendicular to a surface and
the direction of propagation of a wave.

ANGSTROM: A unit of length equal to 10-° centimeter.

ATMOSPHERIC TRANSMISSIVITY: The fraction of the radiant encrgy recvived
at a given distance after passing through the utmosphere relative
to that which would have been reccived at the same distance if no at-
mosphere were present.

ATOM: The smallest particle of an element that still retains the char-
acteristics of that element. Every atom consists of a positively
charged central nucleus, which carries nearly all the mass of the
atom, survounaced by a number of negatively charged electrons, so that
the whole svstem is electrically neutral.

ATOMIC NUMBER: The number of protons in the nucleus of an atom.

ATOMIC WEIGHT: The relative weight of a» atom of the given clement, As
a basis of reference, the atomic weight of the common isotope of car-
bon (carbon 12) is taken to be exactly 12; the atomic weight of hy-
drogen (the lightest elemeat) is then 1.008. The atomic weight of
any element is approximately the weight of an atom of that clement
relative to the weight of a rydrogen atom or the total number of pro-
tons and neutrons in the nucleus.

ENUATION:  Decrease in intensity of a signal, beam, or wave as a re-
sult of absorption of energy arnd of scattrering of energy out oi the
path of a detector, but not including the reductivn duc to geometric
spreading, ie, the inverse square of distance effect. G8ee Absorptien,
Iaverse Square Law.

BAGATELLE: Computer code. Simulates an attack on an arca defense system,
BALLISTIC RISE: The rapid rise experienced by a fircball whose diame cr
is a scale height or more and which is rapidly accelerated upward by

pressure gradients.

BETA AURORA: Flucrescence caused by deposition of beta particle cnergy
in the atmosphere,

BETA PARTIUVLE: A smail particle cjected spontancously from a nucleus of
either natural or artificially radiocactive clement: It carries a
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1ogative charge of one electronic unit and has an atomic weight of
S 1,1840. See Electron.

BE1A 2. TCH: The volume formed by the intersection of the beta tube and
the D-region. This patch is characterized by high electron density.

BETA SHLA"H: That region of cooler air surrounding the fireball that is
ioni ¢ | by beta particles.

BETA TUBE: That tubular shaped region surrounding the geomagnetic field

lines through the burst region populated by spiraling charged par-
ticles.

BLACKBODY: An ideal body thich weuld absorb all (and reflect none) of
the radiastion falling upon it. The spectral energy distribution of
a4 blackbody is described in Planck's equation; the total rite of
emission of radiant energy is proportional to the [ourth power of
the absolute temperaturc (Stefan-Boltzmann law).

BLAST WAVE: A pulse of air in which the pressure increases sharply at
the front, accompanied by winds, propagated continuously from an ex-
plosion. See Shock Wave.

BOMB DEBRIS: C“.e Weapon Debris.

BREAKAWAY: The onset of a condition in which the shock front (in the
air), moves away from the exterior of the expanding fireball produced

b
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Front.

BREMSSTRAHLUNG: Literally "braking radiation.'" Radiationsycovering a
range of wave lengths {and energies) in the X-Ray regioinresulting
from the electrical interaction of fast (high-energy) electrons with
atomic nuclei.

BUOYANT RISE: The risc due to buoyant forces experienced by a nuclear
firebaii.
BURST: Explosion or detonation. -

BURST GEOMETRY: The location of a nuclear detonation with respect to a
particular surface.

CHARGE TRANSFER: The movement of electric charge from one particle or
atom to another. Charge transfer often results in the neutralization
of high-energy debris particles from a nuclcyr explosion, allowing

the debris to move out perpendicular to the ambient magnetic field
direction.

CLUTTER: Unwanted signals, echoes, or Images rcturned to a radar.

by the explosion of a nuclear (or atomic) weapon. See Fireball, Shock
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COLLISION FREQUENCY: The average number of collisions (involving momen-
tum transfer) per second of a particle of a given species with par-
ticles of another or the same species.

COMPTON EFFECT: The scattering of photons (of gamma or X-Rays) by the
orbital electrons of atoms. In a collision between a (primary) pho-
ton and an electron, some of the energy of the photon is transferred
to the electron which is generally ejected from the atom. Another
(secondary) photon, with less energy, then moves off in a new direc-
tion at an angie to the direction of motion of the primary photon.

COMPTON ELECTRON: An electron ejected from an atom as the result of a
Compton interaction with a photon.

COMPTON SCATTERING: Scattering of photons by electrons by means of the
Compton effect.

CONJUGATE POINTS: Points at the north and south ends of a geomagnetic
field line which are either at corresponding altitudes or at corre-
sponding field strength.

COUPLING: A term used to describe the way or ways in which the energy
released by an explosion is transferred to the surrounding medium.
The predominant mode may be hydrodynamic at low altitudes or magneto-
hydrodynamic at higher altitudes.

CRITICAL ELECTRON DENSITY: The electron density for which the plasma
frequency equals the radin wave frequency.

CRITICAL FREQUENCY: For a given electron density, the radio frequency
which is equal to the plasmt frequency.

CROSS SECTION: The measure of the probability of interuction of a photon
or energetic particle with matter.

D-REGION: The region of the ionosphere between about 40 and 90 kilometers
altitude,

DEBRIS: Material constituting the weapon; its attendant mechanisms,
and the carrier.

DEBRIS RADIATION: Radiation emitted after the first few hundred micro-
seconds after a burst. It is primarily gamma ray and beta radiation.

DECAY (OR RADIOACTIVE DECAY): The decrease in activity of any radioactive
material with the passage of time, due to spontaneous emission from
the atomic nuclei of either alpha or beta particles, sometimes accom-
panied by gamma radiation. See Half-life, Radioactivity.
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DEFOCUSING: The attenuation of an electromagnetic wave due to refraction
or scattering away from the intended propagation direction.

DELAYED RADIATION: See Debris Radiation.

DIFFRACTION: The bending of waves around the edges of objects.

DIP ANGLE: The angle between the geomagnetic field and the local hori-
zontal.

DISPERSION: Effects on an electromagnetic wave traversing a region in
which the propagation characteristics are frequency dependent.

DISSOCIATION: The breaking up of a molecule to form two or more simpler
ones.

E-FIELD: Electric field associated with an electromagnetic wave or cre-
ated by a charge distribution.

E-REGION: The region of the ionosphere between about 90 and 160 kilo-
meters altitude.

ELECTROMAGNETIC RADIATION: A traveling wave motion resulting from os-
cillating magnetic and electric fields. Familiar electromagnetic
radiations range from X-Rays (and gamma rays) of short wavelength,
through the ultraviolet, visible, and infrared regions, to radar and
radio waves of relatively long wavelength. All electromagnetic radi-
ations travel in a vacuum with the velocity of light.

ELECTROMAGNETIC SPECTRUM: The distribution of frequeacies (or wave
lengths) present :n a given electromagnetic radiation.

ELECTRON: A particle of v:ry sma’'l mass, carrying a unit negative or
positive charge. Negative nlectrons, surrounding the nucleus, are
present in all atoms; their nrumber is equal to the number of positive
charges (or protons) in ite particular nucleus. The term electron,
where used alone, commonly refers to these negative ciectrons. A
positive electron is usually called a pusitron,

ELECTRON VOLT (eV): The energy imparted to an electron when it is moved
through a gotential difference of 1 volt. It is equivalent to
1.6 x 10~!2 erg.

ENERGY FLUX DENSITY: The energy of any radiation incident upoun or flow-

ing through a unit area, perpendicular to a radiation beam, per unit
time.

ENERGY PARTITION: The distribution of the total energy released by a nu-
clear detonation among the various phenomena, eg, nuclear radiation,
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thermal radiation, and blast. The exact distribution is a function
of time, weapon yield, and the medium in which thc weapon is detonated.

EXCITED STATE: A stste having a higher energy than the normal or ground
state.

F-REGION: The region ot tiic ionospherce above about 160 kilcmeters.

FACTOR: A multiplier, frequently used to indicate range of coverage.
For example, "correct within a factor of two' means correct within a
: possible range of values between twice and one-half the stated value.

FIREBALL: The luminous sphere of hot gases which forms 3 few millionths
of a second after a nuclear (or atomic) explosion as the result of
the absorption by the surrounding medium of the thermal X-Rays cmit-
ted by the extremely hot (several tens of millions degrees) weapon
residues. The exterior of the fireball in air is initially sharply
defined by the luminous shock front and later by the limits of the
hot gases themselves (radiation front). See Breakaway.

FISSION: The splitting of a heavy nucleus into two or more nuclei of
lighter elements—the fission products. Fission is accompanied by
the emission of neutrons and the release cf energy. It can be spon-
taneous or it can be caused by the impact of a neutron, a fast
charged particle, or a photon.

r—

FISSION DEBRIS: Radioactive debris.

FISSION FRACTION: The fraction (or percentage) of the total yield of a
"nuc.ear weapon which is due to fission. For thermonuclear weapons
the nominal value of the fission fraction is about 50 percent.

FISSTON PRODUCTS: A general term for the complex mixture of substances
produced as a result of nuclear fission. A distinction should be
made between these and the direct fission products or fission
fragments which are formed by the actual splitting of the heavy-
element nuclei. Something like 80 different fission fragments rc-
sult from roughly 40 different modes of fission of a given nuclear
species, eg, uranium-235 or plutonium-239. The fission fragments,
being radioactive, immediately begin to dccay, forming additiona.
(daughter)} products, with the result that the complex mixture of
fission products so formed contains about 200 different isotcpes of
36 elements.

FLUENCE: The number of particles or photons or the amount of encrgy
that enters an imag!nary sphere of unit cross-sectional area. It
is the time-ivtngrated flux.

FLUX: The fiow of photons, particles, or cnergy per unit time through
an imaginary sphere of unit cross-sectional area.
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FREE CHARGE: The charge carriers that are capable of moving (ie, those
which are not bound to atoms).

FUSION: The process whereby the nuclei of light elements, especially
those of the isotopes of hydrogen, namely, deuterium and tritium,
combine to form the nucleus of a heavier element with the release
of substantial amounts of energy. See Thermonuclear.

GAMMA RAYS: Highly penetrating, high-frequency electromagnetic radiation
from the nuclei of radioactive substances. They are of the same na-

ture as X-Rays, but of auclear rather than atomic origin, and are
emitted with discrete. definite energies.

GROUND ZERO: The point on the surface of land or water vertically below
the center of a buwrst of 3

3 hudlear weapon.
H-FIELD: Magnetic field associated with an electromagnetic wave or
created by an electric current.

HALF-LIFE: The time required for the activity of a given radioactive
species to decrease to half of its initial value due to radioactive
decay. The half-life is a characteristic property of each radio-
active species and 1s independent of its amount or condition.

HEIGHT OF BURST: The height above the surface of the earth at whicn a

weapon is detonated. Altitude, by contrasv, is the height above
mean sea level,

HULL: Computer code. Calculates phenomenclogy for bursts at altitudes
where hydrodynamics plays a dominant role,

HYDRODYNAMIC REGIME: Regime in which the air and debris motion can be
described using the equations of motion of continuum fluid dynamics.

'NELASTIC SCATTERING: Scattering in which the total kinetic energy of a
two-particle system is decreased, and one or both of the particles
are left in an excited state.

INTENSITY: The energy of any rad.ation incident upon or flowing through
unit srea, perpendicular to the radiation beam, in unit time. The
intensity of thermal radiation is gencrally expressed in calories per

square centimeter per sccond falling on a given surface at any speci-
fied instant.

INVERSE SQUARE LAW: The intensity of radiation emitted from a point source

is inversely proportional to the square of distance between the source
and point of observation assuming no other intervening attenuation.

ION: An atom with a net eiesctric charge.

1-13
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IONIZATION: The separation of a normally electrically neutral atom or
molecule into electrically charged components. The term is also em-
ployed to describe the degree or extent to which this separation oc-

curs. .
IONIZING RADIATION: Electromagnetic radiation (gamma rays or X-Rays) or :

particulate radiation (alpha particles, beta particles, neutvrons, etc)

capable of producing ions, ie, electrically charged particles, direct-

ly or indirectly, in its passage through matter.

IONOSPHERE: The region of the atmosphere, extendiag from roughly 60 to
400 km altitude, in which there is appreciable ionization. The
presence of charged particles in this region profoundly affects the
propagation of long-wavelength electromagnetic radiation (radio and
radar waves),

ION PAIR: A separated ion and electron resulting from ionization.

ISOTOPES: Forms of the same element having identical chemical proper-
ties but differing in their atomic masses (due to different numbers
of neutrons in their respective nuclei) and in their nuclear prop-
erties, eg, radioactivity, fusion, etc. f

JITTER: 3hort-time instability of a radar signal. ?

KELVIN SCALE: The absolute temperature scale for which the zero is
-273°C. Conversion from centigrade to Kelvin is made by adding 273
to the centigrade reading.

KILO-ELECTRON VOLT (or keV): An amount of energy equal to 1000 electron
volts. See Electron Volt.

KILOTON ENERGY: The energy of a nuclear (or atomic) explosion which is
equivalent to that produced by the explosion of 1 kiloton (ie, 1000
tons) of TNT, ie, 10'2? calories or 4.2 x 10®° ergs.

K-SHELL: The innermost and most tightly bound electrons surrounding an
atomic nucleus,

LARMOR RADIUS: The gyroradius of a charged particle in a magnetic field.

LINEAR ABSORPTION COEFFICIENT: See Absorption Coefficient.

MAGNETIC CONJUGATE POINTS: Points at the north and south .ends of a geo-
magnetic field line that are either at corresponding altitudes or at
corresponding magnetic field strengths.

MAGNETOHYDRODYNAMIC REGIME: Regime in which ionized air and debris motion
are described by continuum fluid equations of motions with magnetic




field coupling. Charge neutrality is assumed to exist as a first ap-
proximation.

MASS ABSORPTION COEFFICIENT: See Absorption Coefficient.

MEAN FREE PATH: Average distance traveled by particles before interaction
or average distance a single particle travels between interactions.

MEGATON ENERGY: The energy of a nuclear (or atomic) explosion which is

equivalent to 1,000,000 tons (or 1000 kilotons) ot TNT, ie, 10° cal-
ories or 4.2 x 10%2 ergs.

MeV (OR MILLION ELECTRON VOLT): A unit of energy commonly used in nuclear
physics. It is equivalent to 1.6 x 10-® erg. Approximately 200 MeV
of energy are produced for every nucleus that undergoes fission.

MICE: A magretohydrodynamic computer code primarily for high altitude
phenomenology.

MICRON: A one-millionth part of a meter, ie, 10-° meter or 10-* centi-
meter.

MICROSECOND: A one-millionth part of a second.

MIRROR POINT: A point at which a charged particle, moving in a spiral
path along the lines of a magnetic field, is reflected back as it
enters a stronger magnetic field region. The actual location of the
mirror point depends on the direction and energy of motion of the
charged particle and the ratio of the magnetic field strengths.

MONTE CARLO METHOD: A method of solution of a group of physical prob-
lems by means of a series of statistical experiments which are per-
formed by applying mathematical operations of random numbers.

MR HYDE: A three-dimension magnetohydr.dynamic computer code used for
numerically investigating high-altitude nuclear weapon effects.

MULTIPATH: Signals that reach a receiver by several paths each usually
having amplitude and phase differences.

NEUTRALS: Unionized atoms and molecuies, ie, without an electrical charge.

NEUTRON: An electrically neutral particle which is one of the fundamer.-
tal particles making up the nucleus of all atoms except ordinary

(light) hydrogen. It has nearly the same weight as the hydrogen
nucleus (atomic weight 1).

NEUTKON CAPTURE: A basic interaction of neutrons with matter. Neutron

capture can result in the generation of gamma rays and/or charged
particles.
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NEUTRON FLUENCE: The number of neutrons entering an imaginary sphere of

unit cross-sectional area. It is equal to the time integrated neu- {ﬁ;
tron fiux. It is generally exprcssed as n/cm®. If expressed as Nvt, e
N is the neutron dcn51ty (n/cm®) in the beam, v is the average

speed (cm/sec), and t 1is the time durdtlon The spectrum should be
specified with the fluence, eg, n/em? (fission spectrum).

NEUTRON FLUX: The flow of neutrons into an imaginary Sphere of unit
cross-sectional area. It is generally expressed as n/cm*/sec. If
exp1essed as Nv, N is the neutron density in the beam (n/em®), and
v is the average speed (cn/sec). The spectrum should be specified
with the flux, eg, n/cm®/sec (fission spectrum).

NUCLEAR RADIATION: Particulate and electromagnetic radiation emitted
from atomic nuclei in various nuclear processes. The important nu-
clear radiations, from the weapons standpoint, are alpha and beta
particles, gamma rays, and neutrons. All nuclear radiations are
ionizing radiations, but the reverse is not true; X-Rays, for ex-
ample, are included among ionizing radiations, but they are not nu-
clear radiations since they do not originate from atomic nuclei.

NUCLEAR WEAPON (CR BOMB): A general nanme given to any weapon in which i
the explosion results from the energy released by reactions involv- i
ing atomic nuclei, either fission or fusion or both. Thus, the A-
(or atomic) nomb and the H- (or hydrogen) bomb are both nuclear ;
weapons, If: would be equally true to call them atomic weapons, since
it is the energy of atomic nuclei that is involved in each case. .

NUCLEUS (OR ATOMIC NUCLEUS): The small, central, positively charged re- =
gion of an atom which carries essentially all the mass. Except for
the nucleus of ordinary (light) hydrogen, which is a single proton,
all atomic nuclei contain both protons and neutrons. The number of
protons determines the total positive charge, or atomic number; this
is the same for all the atomic nuclei of a given chemical element.
The total number of neutrons and protons, called the mass number, is
closely related to the mass (or weight) of the atom. The nuclei of
isotopes of a given element contain the same number of protons, but
different numbers of neutrons. They thus have the same atomic num-
ber, and so are the same element, but they have different mass num-
bers {and masses). The nuclear properties, eg, radioactivity, fis-
sion, neutron capture, etc, of an isotope cf a given element are
determined by both the number of neutrons and the number of protons.

NUCOM: Computer code. Calculates HF propagation in a nuclear environ-
ment.

OPACITY: A measure of tho property of matter to obstruct by absorption
the transmission of radiant energy,
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OVER(UNDER)DENSE 'RCGION: In terms of eclectromagnetic wave propagation a

region in which the plasma frequency, Wy is greater than (less
than) the angular wave frequency, w = 2nf

PATIR PRODUCTION: The process whereby a gamma-ray or X-Ray photon, with
cnergy in excess of 1.02 MeV in passing ncar the nucleus of an atom

is converted into a positive electron and a negative electron. As a
resuit, the photon ceases to exist.

PHENOMENOLOGY: Description and classification of phenomena. As used in
the blackout field, this word is ncarly synonymous with the blackout
environment. Such things as firchall grewth and rise, d;brls spread,
cloud rise, etc, are referred to as the phenomena.

3

PHOTOELECTRIC EFFECT: The process whereby a gamma-ray or X-Ray phéton,
with energy somewhat greater than that of the binding encrgy of
an eclectron in an atom, transfers all its cenergy to the electron
which is conscquently removed from the atom. Since it has lost all
its energy, the photon ceases to exist.

FUHSTNN: A unit or "particle" of electromagnetic radiation, possessing
a4 quuntum of energy which is characteristic of the particular radia-
tion. If v is the frequency of the radiation in cycles per sicond
and X is the wave length in centimeters, the energy quantum of the
pheton in ergs is by or hc/2 where h is Planck's constant,
6.2 » 10-?7 erg-second and ¢ is the velocity of light (3.00 x 10'°
centimeters per second).  For gamme rays, the photon energy is. ueually
expressed in million €iectreon vole (MeV) mits, ie, 1.24 X 10-1%/)
where \ i+ in centimeters or 1.24 ~ 10-%/% if ) is in Angstroms.

ek e
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PLANCKIAL RADIATION: The erergy distribution of the radiation emitted by
a blackbudy radiator, The specirum is determined by the temperature
and is given by Planck's radiation law,

PROMPT GAS®IA RAYS: Gamma rays produccd i [iszsion and fusion reactions
and as & result of nuclear excitation of the weapon materials.

PROMET KELYRONS: Neutrons generated by the fission and fusion reactions
of 2 nuclear weapon burst.

e B A o T S o SN W

PROMPT RADIATION: Energy releascd during the firsr v-w microseconds
after detoration.

!

{

PROTON: A positively charged particic with a mass approximateily the same 3
as that of a neutron. In nature, piotons are bound in the nuclei of 1
atoms. 3

¢

RADIOACTIVITY: The spontancous emission of radiation, generally alpha or 5
beta particles, often accompanied by gammi rays, from the nuclei of &

“‘i ]
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an (unstable) isotope. As a result of this emission the radioactive
isotopc is converted (or decays) into the isotope of a different .
(daughter) element which may (or may not) also be radioactive. Ulti- ]

mately, as a result of one or more stages of radioactive decay, a et
stable (nonradioactive) end product is formed.

RANC: Computer code.

Calculates radar performance in nuclear environ-
ment.

REACTION RATE: In chemical kinetics, the time derivative of the concen-
tration of a given species is called the reaction rate of that species.

RECOMEINATION: A process by which a positive ion and an electron (or neg-

ative ion) join to produce a single neutral atom or molecule {or pair
of neutrals). Recombination transitions may be radiative.

REFRACTION: Bending of an electromagnetic wave path when it traverses a
region whose propagation characteristics are a function of position.

RIOMETER: An ionospheric research instrument. Measures the relative
ionospheric opacity (riometer) by comparing the magnitude of incom-
ing cosmic noise with an internal noise source.

i
SATL: Computer code. Calculates satellite to ground communication per- i = |
formance in a nuclear environment.

SATURATION: The level of prompt ionization that is so high that an in- E

crease in the radiation will neither add appreciably to the ioniza- L
tion or lengthen its duration. i

i

SCALE HEIGHT: The scale height physically approximates the atmospheric 1
pressure or density “e-folding height,"” ie, that change in altitude
which causes the pressure or density to change by a factor of e.

SCALING LAW: A mathematical relationship which permits the effects of
a nuclear explosion of given energy yield to be determined as a func-
tion of distance from the explosion, provided the corresponding ef-

fect is known as a function of distance for a reference explosion,
eg, of 1-kiloton energy yield.

SCATTERING: The diversion of radiation from its original path as a re-
sult of interactions or collisions with atoms, molecules, larger
particles in the atmosphere, or irhomogeneities in the medium between

the source of the radiations, eg, a nuclear explosion, and a point at
some distance away.

SCINTILLATION: Random fluctuations in the amplitude and direction of an
electromagnetic wave as it traverses an inhomogeneous medium.

ey e
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SECONDARY ELECTRON: An electron that is emitted as a result of bombard-
ment of a material by high energy radiation.

SHAKE: A nonstandard unit of time used in nuclear physics, equal to 10-®
second,

SHOCK FRONT (OR PRESSURE FRONT): The fairly sharp boundary between the
pressure disturbance created by an explosion (in air, water, or earth)
and the ambient atmosphere, water, or earth, respectively. It con-
stitutes the front of the shock (or blast) wave.

SHOCK STRENGTH: The ratio of the neak blast wave overpressure plus the
ambient pressure to the ambient pressure.

SHOCK WAVE: A continuously propagated pressure pulse (or wave) in the
surrounding medium which may be air, water, or earth, initiated by
the expansion of the hot gases produced in an explosion. A shock
wave in air is generally referred to as a blast wave, because it re-
sembles and is accompanied by strong, but transient, winds.

SLANT RANGE: The direct distance between an explosion and a point of
interest.

SMOG: Ionospheric smog is a term that has been used to describe the
buildup of ozone, nitrogen dioxide, and nitric oxide due to weapon
radiation in the upper atmosphere with a consequent effect on the
intensity and duration of the resulting ionization.

SPUTTER: Computer code. Calculates early bomb debris expansion.

STOPPING ALTITUDE: That altitude near which radiation coming from the
sun or from a high altitude nuclea: explosion will deposit most of
its energy in the earth's atmosphere.

STRIATIONS: The self-luminous magnetic-field-aligned filamentary struc-
tures observed after high-altitude nuclear explosions.

CYNCHROTRON RADIATION (NGISE): Electromagnetic radiation emitted by a
high-energy electron moving in a magnetic field.

THERMAL ENERGY: The energy emitted irom the fireball as thermal radiation.

THERMAL ENERGY YIELD (OR THERMAL YIELD): The part of the total energy
yield of the nuclear explosion which is received as thermal energy
usually within a minute or less. In an air burst, the thermal energy
is, on the average, about one-third of the total energy of the explo-
sion. For a high-altitude burst, roughly one-fourth of the total

yield is received as thermal energy at a distance within about a min-
ute.
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THERMAL PULSE: Time integral of the radiated thermal power.

THERMAL RADIATION: Electromagnetic radiation emitted from the fireball
as a consequence of its very high temperature; it consists essentially
of ultraviolet, visible, and infrared radiations. In the carly stages
(first pulse of an air burst), when the temperature of the fireball is
extremely high, the ultraviolet radiation predominates; in the second
pulse, the temperatures are lower and most of the thermal radiation
lies in the visible and infrared regions of the spectrum. From a
high-altitude burst, the thermal radiation is emitted in a single
short pulse,

THERMAL X-RAYS: The electromagnetic radiation, mainly in the soft (low-
energy) X-ray region, emitted by the extremcly hot weapon debris in
virtue of its extremely high temperature; it is also referred to as
the primary thermal radiation. It is the absorption of this radia-
tion by the ambient medium, accompanied by an increase in temperature,
which results in the formation of the fireball which then emits ther-

mal radiation.

THERMONUCLEAR: An adjective referring to the process (or processes) in
which very high temperatures are used tc bring about the fusion of
light nuclei, such as those of the hydrogen isotopes (deuterium and

' tritium), with the accempanying liberation of emergy. A thermonuclear

bomb is a weapon in which part of the explosion energy results from

thermonuclear fusion reactions. The high temperatures required are
obtained by means of a fission explosion.

6 i o T P AR L SN o B O e sw S ek

TRAVELING WAVES: Gravity wave generated in E~ and F-region by high-alti-
tude nuclear detonations.

TORUS* That characteristic ring-like structure into which a nuclear fire-
bail will in many cases transform itself.

TRANSMITTANCE (ATMOSPHERIC): ‘The fraction (or percentage) of the cnergy
received at a given location after passage through the atmosphere
rclative to that which would have been received at the same location
if no atmosphere were present.

TROPO: Computer code. Calculates troposcatter system performance in a
nuclear environment.

TROPOSPHERE:  The region of the atmosphere immediately above the earth's
surface and up to the tiopopause in which the temperature falls fairly
regularly with increasing 1ltitude, clouds form, convection is active,
and mixing is centinuous and more or less complete.

+
H

TURBILENCE: Highly irregular fluid flow characterized by fluctuations in
che fluid velocity.
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ULTRAVIOLET: Electromagnetic radiation of wave length between the shortest
visible violet (about 3,850 Angstroms) and soft X-Rays (about 100 Ang-
stroms),

s M

VORTEX: A region witbin a body of fluid in which the individual fluid
elements have an angular velocity about the center of the region.

WAVE LENGTH: The distance between two similar and successive points on an
alternating wave, as between maxima.

WEAPON DEBRIS: The highly radioactive material, consisting of fission
products, various products of neutron capture, and uranium and pluton-
ium that have escaped fission, remaining after the explosion.

WEPH: Computer code. Calculates ionization and absorption in weapon dis-
tur.ed ionosphere. Shares many phenomenology assumptions with RANC
code.

X-RAYS: Electromagnetic radiations of high energy having wave lengths
shorter than those in the ultraviolet region, ie, less than 10-® cm
or 100 Angstroms. X-Rays can be produced by any of three processes:
radiation from a heated mass (eg, a blackbody); deceleration of a
charged particle; electron transitions between atomic energy levels,
usually excited by incident beams of high-energy particles, resulting
in characteristic, discrete energy levels.

YIELD: rhe total effective energy reieased in a nuclear detonation (usu-
ally expressed in the equivalent tonnage of TNT required to produce
the same energy release).
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SECTION 2

WEAPON OUTPUTS AND IONIZATION
SOURCE FUNCTIONS

FISSION DATA

Fissions per megaton—1.47 x 102°,
Distribution of fission energy—see Taole 2-1.
Fusion reactions and energy released—see Table 2-2.

i H""‘l;.

i
L —————n
-

ATMOSPHERIC INTERACTION PROCESSES

= : Photon cruss sections in air—see Figure 2-1.
= Electron energy loss cross section and total range—see Figure 2-2.
= Atomic oxygen energy loss cross section and total range in nitrogen—
see Figure 2-3.
Neutron elastic, inelastic, and capture cross sections— strong func-
tions of neutron energy and interaction species.

PARTITION OF ENERGY DEPOSITION
Energy deposition below 100 km—see Tables 2-3 and 2-4,

Column labeled Ory and Gilmore, 1971, used in ionization calcula-
tions in this document.

Energy deposition above 100 km:

Initial species produced by photon and electron energy deposition
dependent on atmospheric composition and lifetime of excited states.
Heavy particle interactions provide a larger ratio of atomic to
molecular ionization than photon and electron interactions.

PROMPT GAMMA RAYS
Yield fraction:

~ .00 .
fy 0.001

Spectrum (gamma rays that escape the case are generally assumed to
have a fission spectrum):
n, 1.1e"1-1E photons Mev ! phc:tcm'1 .

BT g AN ST - e et
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Thin-region energy absorption coefficient (same as delayed gammas):

L = 0.025 cn? gm'l .
Y .
Flux:

2 x 1087 we AQn "
F_(h) = Y MeV cm ,
Y 2

R

where A(M) is

1 M< 10 gm cn2
AQM) =~

1.4¢7003M vy om em”?

M—see Section 8, Figure 8-4.

Energy release time is less than a microsecond; rate is dependent
on weapon design.

Ionization:

1.5 x 1020 £, 0(h) ACM)

. . -3
3 — ion pairs cm

N (h) = "

Ionization for W fY = 0.01 MT'—see Figures 2-4 through 2-7.

Uncertainty: The largest uncertainty in computed ionization is re-
lated to the specification of the gamma flux escaping the weapon

case.
X RAYS
Yield fraction:
f =~ 0,75.
X

Blackbody spectrum—see Figure 2-8.

Approximate K-shell energy absorption coefficient in air (sea level
composition, E in keV):

NV ——
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z— cn gm'1 , E > 0.4 keV (nitrogen edge)

x ” 2
10 2 -1 . ,
=" cm gm s Es 0.4 keV
£

Flux (blackbody spectrum, neglects scattering): :

: 2 x 107 ke, ,

< 3 2 ——————— . ! e

i Yx(h) 5 PT MeV cm

% FT-—see Figure 2-9.

g Ionization (assuming local deposition of | hotoelectrons): ;
H 21 ‘ :
£ 6 x 10 WF‘ o(hy = !
3 N (h)y = 5 . ion pairs cm ° :

S

2
q 6 x 10°! Wf_ - 5
: N (h) P Q;{ B ion pairs cm

- R

1

ki,
4
1o o o P

ol 8o g PR 4>

RN R

E;—-see Figures 2-10 and 2-11.

o A

B—sce Figure 2-12.

W G

Tonization for fo = 0.75 MT—see Figures 2-13 through 2-16.

Uncertainty: Neglect of photon scattering for high energies may be
important; u=e of single radiating temperature at very short or
very long ranges may produce errors. Uncertainty in ionization is
probably within a factor of 2 for h < 100 km.

PEBRIS

Yield fraction = 0.25 .

S

i

Energy releasc rate:

Nonradiated weapon cnergy is converted to debris kinetic energy
within a few microseconds.

ik e

Energy spectrunm:




Velozities up to 2 x 10° ¢m sec™!.

Thin-region energy absorption coefficient:

3
L 1.4 x 10 (zl+zz)(v
* D dM Ay 10

8) MeV cm” gm'l .

Zy and Z; are the atomic numbers of incident and target particles,
respectively, and A; and A, are the corresponding atomic weights.
v is the relative velocity in cm sec °.

Single particle range:

AA
-6 f v 172 -2
E = 7x10 ) gm cm
(108 (Zy+Zy)

Energy deposition:

Debris energy is locally deposited in fireball for detonations
below about 200 km; for higher detonation altitudes, debris energy
is distributed over a large region. Debris-air interaction results
in radiation from the visible through X rays, which can produce
ionization outside the fireball when the debris-air interaction oc-
curs above about 100 km.

NEUTRONS
Yiold fraction

f = 0.01 .
n

Spectrum between 10~% and 10 MeV (neutrons escaping the bomb):

n. o~ 0.1 'l neutrons Mev™! neutron”!

Spectrum is variable with weapon design. Neutron output in energy
range below 10~% MeV and above 10 MeV may be important fcr some
problems.

Thin-region kinetic energy absorption coefficient:

w = 0.015 cn’ gm'1 .

Flux:

1

2 x 10%7 WE_A(M) G(h) F(hy)

2 ’

MeV <:m'2

14

Fo (h)

S



M< 30 gm en”?
AM) =

2.35 exp(-0.0285 M) M > 30 gm cm 2

M—see Section 8, Figure 8-4,

G(h), F(hB) = correction factors for altitudes ¢f bursi and
deposition points—sce Figure 2-17.

Energy release times negligible in comparison to transport and
deposition times.

Ionization from elastic and inelastic scattering (neglecting trans-
port and deposition times):

1020 WE ¢ (h) A G(h) F(hy)

- . . -3
Nn(h) = Rz ion pairs cm

Ld

Transport and deposition times vary from a few microseconds at sea
level to a few seconds at 100 km.

Ionization for an = 0.01 MI—see Figures 2-18, 2-19 éﬁd Figures
2-13 through 2-16.

Uncertainty: Neglect of transport and energy deposition times
important during energy deposition period. At iow altitudes there
can be significant deionization during energy deposition. Predic-

tion of total ion pairs formed for a given neutron flux probably
within a factor of three.

Tonization from capture reactions:

4 x 10%7 WL D(M) oth) F(t) G(h) F(hy)
3

h,t) =
U (1) —
n

E; = average energy of neutron spectrum (MeV),

1 st
t c

exp[-(t »tc)/r] t > t.

i A gt

¢ . L33x107 4+ 4,44 x 10° /W
c p(h)
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p(h)
D(M) —see Figure 2-20.

Uncertainty: Formulation based on fits to a limited number of de-
tailed calculations. Predictions estimated to be within a factor
of two because of uncertainties in the spectrum, cross sections,
and exponential atmosphere approximation.

lonization from neutron decay betas:

q_.(h,t) ' -2 5,
ng _ 5 2,3x10° P\ -1
—-——-NnB = 2 x 10° p(h) El( Sin 3] cm ,
10

N, = 20w, tocizxid
r.3 R2 R

o [o]

3 x 10° t -3
= 5 W, = 3 x 10

t o
q, (h,t)
—Eg——~—— — see Figure 2-21

nf.

R, (dipole field) —see Figures 2-22 through 2-24.

For lines of sight approaching the horizon, the approximate expres-
sion overestimates flux (an) and ionization.

Uncertainty: Neutron energy spectrum is variable with weapon;
above relations are based on an approximation to integral of beta
flux over magnetic field line; uncertainty in ionization varies
with time after detonation and location, but is probably less than
an order of magnitude for most cases of interest.

DELAYED GAMMA RAYS

X R e o

[nergy release rate—see Figure 2-25:

1.9

9 .. =1 -1
L) = —~—0r1]-r (-*———) MeV fission sec .
Y U+tf'2[ f15+t]
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r_ = Material fissionable by thermal neutrons
f total fissionable material !

Spectrum:

n, = 1.1e 18 photons MeV™} photon-1

.

Thin-region energy absorption coefficient:

u, 0.025 cm® gm-1

approximately independent of energy and isotopes.

Flux (point source):

1.2 x 101 E_(t) WAQM) P
F_(h,t) = g MeV cr:  sec
Y R
1 M< 10 gm em
AM) = .
1.4¢70-034 M 45 10 gm en™?
M—see Section 8, Figure 8-4.
Burst region ionization (point source):
q,(h,t) - _
RAMAN T IU) R P
Y 41R
20
P = 4.4 x10" W, E (t
Y P By (Bl
2 x10'% W 4 2
~ 75 ion pairs gm ~ sec ~ km
(A+t)""
qY(-,t)
——p— — see Figures 2-26 through 2-30.

Y

PY nomogram—see Figure 2-31.

Uncertainty: Same considerations as for prompt gamma radiation;

in addition, the energy release rates at early times are dependent
on isotopes.
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Burst Region ionization (distributed debris region):

q, (h,t) 1
i ~ 5 x10 p(h) s h > 50 km .
Y
-2
I = [’C wat*s m
Y YY ;
I = 7x10' W.E
\ P By(hy
3.2 % 106 W 2
= 755 watts m .
(1+t)""° R

I; nomogram—see Figure 2-31.
CY—~see Figures 2-32A, B, C, D.

1/ is the free-space gamma flux, and C, is a correction factor to
adcount for transmission loss when the point of interest is above
about 50 km. At lower altitudes IfCY may overestimate flux, CY
is unity for point source and M < 1§ gm cm~2,

Uncertainty: Production rate predictions for above conditions be-
licved accurate to within a factor of 2. At large ranges where
horizon effects are important, this uncertainty refers to varia-

tion in range for a given q rather than variation in q for a given
range.

Conjugate region ionization (Compton electrons escaping burst region):

%™ 6 x 10% oy p (22 107% ey
NC, [sin 6| 1 [sin ¢| ¢ ‘
NC
17 — see Figures 2-33A, B, C, D.
Y
q.(h, )
—§—— — see Figure 2-34,
C

CC-see Figure 2-35,

C. is a first-order correction factor to account for nonisotropic
ifijection of Compton electrons,
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Uncertainty: Formulation involves separate approximations for G
energy and pitch angle distribution of Compton electrons, the
integral of Compton electrons leaving burst region, and deposition E/
of Compton electrons in the conjugate region. Ionization is prob- |
ably within a factor of 3 for most regions of interest. At large '
ranges where horizon effects ure important, this uncertainty refers

to variation in range for a given q rather than variation in g for 4
a given range. 3

BETA PARTICLES -

Beta decay rate—see Figures 2-36 and 2-37. 3
ng(t) = ‘———l*%—ig- betas fission* sec™l |, t=z 1 sec . b3
(1+t)"°

Energy spectrum—sez Figure 2-38:

For 5 > E(MeV) > 0.5

dtin dy B e w B

-E/E
n,. ~ 3-;—-5- betas Mev ! beta”
BE hB

1

Energy absorption coefficient-~see Figure 2-2:

U, =

-

2 MeV cm” gm'1 for beta-particle energy = 0.5 MeV

———

Average energy versus time, EB-see Figure 2-39,

ot Tt e

Lt

Flux (outside debris region):

et

: AP 2 -1
rS\h,t, = NBmm QEI mﬂ s 6 MeV cm © sec
7.35 x 108 W,

. iy baras en 2 sac-)
NS = X nB(t) betas ¢m ~ sec

AP

"

pre.sure difference between debris altitude and altitude h
(dynes cm”?).

Ionization (outside debris region):

qg(h,t) 4 WgtP :
8 . 3x10° p(h) u. min (E B , 6] ion pairs 3
N Isin ¢] "8 W Ege|sin ¢) beta™! cm”?! .

2-9
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(h,t)

q
B~ sin ¢—sce Figure 7-40.

Y]
N

[

NB nonogram~se~ Figure 2-41.

Uncertainty: Calculations assume uvniform debris distribution over
arca A; deposition of beta-particle energy is approximated; energy
release rate is dependent on isotopes at early times. Ionization
predictions are probably within a factor of 2 when location and
distribution of debris are specified.

Beta bremsstrahlung ionization:
The flux and jonization caused by beta bremsstrahlung in the con-
jugate region are approximately equal to the gamma-ray flux and
ionization resulting from a fictitious deuris region having the
following location and fission yield:

Debris radius = actual debris radius

Debris altitude = 60 km

it
2]

x
—
o
™
=

Fission vield
e—~see Figure 2-42.

Uncertainty: The above is an approximate formulation. Uncertainty
in region of interest is estimated to be a factor of 3.
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Table 2-1. Distribution of fission energy.

Fission Energy
Product (MEV)
Kinetic energy of fission fragments 165 + 5
Instantaneous gamma ray energy + 1
Kinetic energy of fission neutrons t 0.5
Beta particles from fission products + 1]
Gamma rays from fission products +1
Neutrons from fission products 10
Total energy per fission 200 * 8.5

Table 2-2, Thermonuclear reactions.

Reaction Energ(y”efile)‘ease
T eh e s 17.6 (14.1 carried by n)
2 o+% =34l 4.0
% +% = e +n 3.3
31+ % - e + 2n 11.3
D +3e -The+ M | 183
6[.1' +n = 4He + 3'[' 4.8
2-11
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Table 2-3. Initial species produced by X-ray bombardment in
air of 79-percent N2 and 21-percent 02.

Particles Per lon Pair
Species Ory and Gilmore Gilmore 1974
RDA-TRR-017-1971
NZ 0.75 0.64
+
0, 0.19 0.16
vt 0.04 0.14
o' 0.02 0.06
N (A 35 0.6 0.5
2 u ’ '
1
02((. Ag) 2. 004
n(*s) 0.2 0.45
2
N(°D) 0.3 0.61
0(3p) + o(ip) 0.3 0.3

g
1
g
%
%

Table 2-4. Dissociation and ionization potentials.

E N2 ¢ 02
Dissociation potential (eV) 3.338 - 3.658
Tonization potential (eV) 15.526 13.62 [ 12.208

it
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Figure 2-1. Photon cross sections in air,
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Figure 2-2. Energy loss and total range of an electron in air as a function
of its energy.
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D DISTANCE FROM BuRST
MEASURED ALONG
SURFACE OF EARTH (km}

A

ALTIFUDE (W)

70 Yt WY e vt T |
10° 10 10° 10° 10 10° 10
1ON PAIRS {em™)

Figure 2-4. lon=pair density at t = 0 due to 10-KT prompt-gamma
source at 30 km,
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FON PAIRS fem™)

Figure 2-5, lon-pair density at t = 0 due to 10-KT prompt~gamma
source at 60 km,
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D - DISTANCE FROM BURST
MEASURED ALONG
SURFACE OF EARTH thm1

ALTITUDE fxm)
3

3

200
10° 10 10
1ON PAIRS (em™)

Figure 2-6. lon=pair density at t = 0 due to 10~KT prompt=-gamma
source at 90 km,
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Figure 2-34. Conjugate-region ion-pair production rate due to
Compton electrons.
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Figure 2-36. U-235 beta decay rate.
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Figure 2-37. U-238 beta decay rate.
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SECTION 3

PHENOMENOLOGY OF HEATED REGIONS AND
THE LOCATION OF FISSION PRODUCTS

HEATED AIR

Internal energy of air—see Figure 3-1.
Radiation opacity and mean-free path
K = a7 en”}

Planck mean-free path—see Figure 3-2.

o« [o+]
KP = Tl- = 'L d\) K\) BV = wdf Kv B\) dv cm"1
P fdv B, aT .

Rosseland mean-free path—see Figure 3-3.

f" 1 %y
dv — —=-
. s 1. o Ky dT

= cm
R KR " dv .d_B_\i
dr
[¢]

Air opacity to 3.125 eV radiation—see Figure 3-4.

Air opacity versus photon energy—see Figure 3-5.
lonization produced by energy deposition—see Figure 3-6.

FIREBALL FORMATION

Altitude-yield map showing different fireball phe..omenology regions—
see Figure 3-7.

Point explosion in uniform atmosphere-spherical shock: ;

Characteristic radius

R e A

[

r 3.5 x 107 (wH/pa)l/3 cm

0

hoa »
e

il byt »

#
TNy

(24
3




g Tiodatng

Characteristic time

- 7 1/2 1/3
t, ° 3.5 x 10 Py WH

For y = 1.4:

a

PS/P s t/to versus rS/ro——see Figure 3-8.

D/DS—-see Figure 3-9.
P/PS-—See Figure 3-10.

Integrated air density

M

-2
T 1 ms cm
P rt &

—
1]

Position of isotherms—see Figure 3-12.

I
a

r/rs
~l~ (D/DS) d(r/rs)"—see Figure 3-11.
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SECTION 4
DEIONIZATION

FIREBALL

Equilibrium thermal ionization of air—see Figure 4-1.
Equilibrium thermal ionization of metals:

For single metal atom species where formation of metal oxides can
be neglected,

4MN
C o -3
Ne"z"(“we">°’“ ‘

22mmkr) 32 By (M L /kr

c = 3 B (1] ©
h o]

Bi’ B0 = partition function for metal ions and atoms respectively
w = atomic weight of metal atom
M = weight of metal in region (gm)
V = volume of region (cm®)
¥ = 1lonization potential (eV).

For Na(B.'/B° =1/2, x = 5.14, w = 22.99) —see Figure 4-2.

Nonequilibrium thermal ionization of air (electron loss by colli-
sional radiation recombination and volume expansion:

V(to)
N Ne (o) Ty
N, (t) = e
1+ arNe(to) 'T/'tﬁ- (t- to)
No(tg),V(ty) = electron density and volume of region at time when

nonequitibrium electron loss processes dominate.

41




Collisional radiative recombination—see Figure 4-3.

Equilibrium ionization from declayed radiation (beta particles):

q/A T << T,

Tc depends on negative ion composition. For h > 20 km, T, =
1000°K. At lower altitudes T¢ may be as high as 2500°K.

3 x 1077 T< 300°K

9 x 107°/T , T > 300°K
A—see Figure 4-4,
D-REGION (h < 100 km)
Species affecting air chemistry—see Tahle 4-1.
Important neutral species chemistry-—see Figure 4-5.
Simplified schematic of positive ion ecvolution —see Figure 4-6.
Simplified schematic of negative ion evolution —see Figure 4-7.

Differential equations for three ion species model:

dNe Other Commonly

T < 9- adNeN+ - ANe + DN_ Used Symbnls

dN_

rre = -ﬂii\_l\+ + I\A\e - DN_ q P P

N A A 8

+ 3 1 \ o

SF = 4 - 4NN - NN D c Y 3

Nooo= N +N . G B 3

+ e - 3
. £ Y E
1 J

Reaction rate coefficients for equilibrium conditions (effects of
prompt and thermal radiation neglected):

ay-—see Figure 4-8,

4, —see Figure 4-9.

i B

A, A

il
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D—see Figure 4-10.

A—see Figure 4-4.

Solution of deionization equations for ay=aj=a and a, A, and D -8

N, (0)

independent of ionization conditions:
-2vqat
N+(t) - % 1+ Ce
1-Ce
\ =
N, (1)

(1 P m)‘ {(1 ¢ K, (0) ¢ (A+D+\f—a)t)

q
_i_“_"__\g_[l ) ,,-(A+n+vaﬁ)t}

2V q- 0 T+ oN (0t

o)y adiet i

bt S b adarty Mo Bt

+ £
A+D+vYqu :
(‘I'D ﬂ_ H
- C __________jg___ -2 ¢fqot R U D+V¥qa)t -
A+D - Ve |° e . t
¢ '(:\"'D)t =
! hY \]

Ae(O, e h+(0)0‘1 _ e-(A+D)t]
——— - - ]
q >0 1+ ah+(0)t A+DIT+ ah+(0)t :

N, (0) -!l
¢ =
V (0) +\!§

Solution of deionization equations for a; # a; and a4, o3, A, and D
independent of ionization conditions:

N0
NOY O T
. Noe-(:\+[))t N
i\c(h,t) ~ D#A x + D-O-A 1 + a.\'ot
(1+aN t)—
o O
N (h,0) = N (h,0) = N
L(1,0) L(h,0) = N

o (A+D)t

o o~ O

Ag, H
1l+l):d(
+ 1

A+ D

’
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If a(t) Not >> 1 and (A+D)t < aq/o, then the above approximation

may underestimate N,. The approximatinon can be improved by
interpolation.

Equilibrium solution,

N, (ht) = \Ef

q(A+ D)
Ay + Doy + ajuy Aa; + bay
a =~

q(A+D)
A+ D+ ai Aai " Dad

Graphkical solution for o—see Figure 4-11.

q + D3
N (hyt) = J:

and A>>D + a "iL
d ai

D
xR

Ao.. + Do
1 4

o i d
’ A+ D

Graphical representation of the above electron density regions—
see Figures 4-12 and 4-13.

For small initial ionization, the electron and ion densities build
up to equilibrium values with a time constant of the order of

1
T—vmsec .

The electron density will reach near-eyuilibrium conditions faster

than indicated by the above time constant when attachment is the
dominant electron loss process.

— .
T A AP

R A

ot sl A Ll

il i




Solution of deionization for ay, a3, A, and D dependent on “onization
conditions:

Transient solution—see Figures 4-14 through 4-17.

Equilibrium solution (effect of prompt and thermal radiation
neglected)—see Figures 4-18 and 4-19.

Effect of changes in neutral species composition caused by prompt
radiation on equilibrium reaction rate coefficients and ioniza-
tion—sec Figures 4-20 and 4-21.

Uncertainty: Deionization solut .ns involve assumptions concerning
ambient neutral species, initial neutral and ion species produced

by . nergy deposition, and valuaes for ion and neutral species reaction
rate coefficients. It is estimated that the electron and positive
ion densities given are accurate to within a factor of two for
moderate ionization levels,

Electron “nd ion densities caused by delayed radiation outside of the
fireball (- juilibrium ionization):

Delayed gamma rays—see Figure 4-22.
Beta particles—see Figure 4-23,

Compton electrons—use Figure 4-23 with Nc instead of NS.
Uncertainty: Effect of prompt and thermal radiation on equilibrium
electron and ion densities neglected. Predictions involve uncer-
tainties in energy transport and deposition in addition to uncer-
tainties in deionization. For gamma rays and beta particles elec-
tron and ion densities are believed accurate to within a factor

of three for the stated conditions. Uncertainties in the Compton
ionization may be larger due to approximations in energy depesition
related to the use of the scaling parameter N.-

E- AND F-REGION

Species affecting air chemistry—sece Table 4-2.

Species and reactions considered in simplified numerical solution—
see Table 4-3.

bifferential equations:

£ 10" = a8 10T e K[ IN'T - o [0'] + (10°]+ 87T+ "))




d +
ra Ll

d +
EF[M ]

w
n

ke V)
]

Reaction

kl—mse

ol
il

>
1

P
1]

Solution
Transi
Fquili

Incert

1]

dy - B IN] - kg [O][N"] +a_[N"] - ([o*l + [N'] + rM*])

45+ 81071+ 8, IN'T - ayv"] + (10°] + 18] + "))
ky[Np1 + Ky (0]

(k3 + k4)[02] + k6[NO] .

rate cocfficients:
¢ Figure 4-24.
2 x 10711 cm3 sec”!
%% (8 x 10_10) em’ sec.1
f% 8 x 10710 em’ sec” !
1 % 10-1‘ em” SCC-I
8 ~ 10-10 cm‘5 se(:-l
3% 107 em® see” ! T = 300 k
-5, 3 -1 . ,
9 % 10 /]c cm” sec 10 > 300 K

of deionization equations:
ent solution—sece Figure J4-25.
brium solution—sece Figure 4-26,

ainty: Solutions shown applicabic for X-ray end beta-

particle ionization. Deionization following ionization by UV

radiat

ton and heavy particle interaction affected by initial ion

species produced.  In regions of high energy deposition the pro-
duction of metastable states and air motion can significantly

affect

deionization.

Lo

—



p
iy

LSS SEEET o - b _crae_samnses

e e
Y = == =
==
2
=
3

W W'Ul:’

Table 4-1.

Important species in air chemistry below 100 km.

Neutrals

Neutral
Excited States

Negatives

Positives

CH4

co

N(°D)

3+
Nz(A zu)

c05
€0, (,0)

CO4
c04\H20)

=
<

NO (HZO)

-
jo)
A b NN

K03 (H0) o125

¥
H (Ha0)e1-5

H (H,0) (HO)
HY (H,0) (N,)

N+

No*

+
Ho*(co,)
.
KO (H)0) oy g
+
NO" (N,)

-+

2

=
LS T S ]

e

Lo N e . N == -
N

it ol A0 8 L

é
g
g
i
3




Table 4-2. Some species of importance to E- and F-region
multiple species computer codes.

a Neutral Positive Positively Charged
Ngytrals Excited States Ions Excited States
N, N(%D) Me* n*(1p)
0 N(%p) Meo N (1s)
3.+ + +,2
0, N, (AL, N 0 (°D)
N o('n) No* 0*(%p)
1 + +,.4
NOb 0(’s) N 0y (a™m )
1 +
Me Oz(a Ag) 0
c 1.+ +
Me0 Oz(b Zg) O2
Notes:
Minor species such as C0,, A, etc, also may be included.
bMe denotes a metallic atom, viz, U, Fe, Al, Li, Na, or Si.
CMed denotes a metallic oxide.




Table 4-3, Species and reactions considered in simplified
numerical solutions.

Species Considered:

Tons o;, not, of, v

Reactions Considered:

Reaction

Nt +e  aN +0
@ te 40 +0
of +e  +0 +hy
No+e s N +hv
+ s

0 + Nz(v) + N0 + N
+ +
0" +0, -0 +0
+ +

N 40, 05 +N
nt +0, +No*+0
NN+ 0 -y +0
Noo+N0 aN o+ 0T

0, +N ~xt+0

N(%p) + 0, N0 +0
0 +N, N0 +N
N +02 +NO +90

Neutrals Ny, 0,, NO, 0, N, N(%D), o(lD)

Coefficient

beg

bl ity

il ittt e lb bt
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Figure 4=11, Graphical solution for effective recombination rate coefficient,
equilibrium conditions.
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- SECTION 5
ABSORPTION

COLLISION FREQUENCY*
(Shkarofsky's definition)

Electron-neutral—see Figure 5-1:

Vo= zox10Mar - 1.7 x 105p sec
cm

Ion-neutral:

<|

A\
cm ch

—_— Y ) tmmeas

1 im 40

v

i
e}
=

vim = 0 for calculations in this document unless other-

wise stated

Electron-ion—see Figure 5-2:

"(,,qwm -

e ” 2
. 3£
v, 1sx‘/2n(1s4x18 «P-)

i Z
¢ e T

-3

2l

[87

8.1 x 107 N
e

as]
t]

-y
it

wave frequency (liz)

&*
Assumed momentum-transfer crosc¢ sections (cm?):

Electron-nitrogen molecules 51 x (072 y
Electron-oxygen mclecules 1.3 » 10723
Electron-oxygen atoms 5.6 x 1071
17 w3/2 f
Electron-ion 8.05 x 10 in|{1.24 x l()4 -I:——? £
v4 ¥]/‘ f
e

Ne(cm'3), v(cm sec™!)

5=1

-1




NON%L. PATIVE ABSORPTION

Electron-neutral—see Figures 5-3, 5-4, and 5-5:

4.6 x 10°% T g B
a = e cm dB km

@, )° + (wh)?

g and h are correction factors to account for the velocity
dependence of electron collisions-——see Figure 5-6:

g = h =1 for w > v
g+ 3/S -

Tor w << v
h-+3

Ion-neutral—see Figures 5-3 and 5-4:

0.79N.V.
1

a = —— 130 g ]
(U )2 R wz
im
Electron-ion:
4.6 x 1°N S 1
a4 = — 3 '2 dB km .
(v.)" +w

ei
DEV:ATIVE ABSORPTION

a(deviative) = C, s(nondeviative)
Cq—see Figure 5-7.

ATMOSPHERIC OXYGEN AND WATER VAPOR ABSORPTION
Total atmospheric absorption—see Figure 5-8.
Model data (S*togryn, 1964) —see Figure 5-9.

ABSGRPTION CAUSED BY NUCLEAR EXPLOSIONS™

Fireball/debris region:

"Path absorptions presented are one-way vertical unless otherwise indi
cated. An estimate of path absorption for oblique paths can be ob-
tained by multiplying one-way vertical absorption by secant of the
angle of incidence—~see Figure 5-29,

5-2




% Absorptioi due to thermal ionization—see Figure 5-10.
(_J Absorptinn due to beta-particle ionization within a cylindrical
debris region (vertical thickness = 8 km, radius = Rpg) —see
Figure 5-11.
Absorption due to prompt radiation outside fireball:

Saturation impvlse [Ng(h,0) < 108,Ne(h,0)a >> 1]—see Figure
5‘120

Approximate relation for absorption in dB (frequency in gigahertz):

! A= 9.3 (daytime)

3 £t

i

i ]
_g;%ég t < 10 sec

: £t

. A = (nighttime)
0.011 t > 30 sec
f2t0.9

Effect of changes in neutral species composition caused by largs
. ionization impulses— see Figure 5-13.

Uncertainty: F.gure 5-12 and the approximate solutions negle¢ct
effects of changes in the neutral species from prompt and
thermal radiation and the effect of the fireball photodissocia-
tion and photodetachment of n:gative ions. For conditions where
Ne(0) = 108 cm> near 60 km (see Section 2) and Ng(0)at >> 1, the
duration of absorption obtained from Figure 5-11 or the approxi-
mate relations is believed to be within a factor of three.

Absorption {-om beta particle ionization outside the firerall.

Offset of beta particle absorption region from fission debris
(no geomagnetic field distortion)—see Figure 5-14.

Absorption trom equilibrium ionization (effect of prompt and
thermal radiation neglected)—see Figures 5-15 through 5-18.

Approximate expressions for one-way vertical absorption in dB
(frequency in gigahertz):

R L i L S

=
=

e W g S M

Nell inpin A0 S



Al

N 068
9——‘1(-—%) NBE 108
£“ \10
A = N 0.55 (Daytime)
é_).31(__5_ N, < 1o
© £° \10
0.75
N
225 ) Ny > 10°
£ \10
o 1o 0.91 .
A = -'—2-—(-%) 108 < Ngs 10° ¢ (Nighttime)
£ 10
x 0.7
0'37(—-%) Ng % 108
£° \10

Bets particic absorption has been calculated using an average
beta particle energy of 1 MeV. For the effect on absorption
caused by changing the average cenergy—see Figures 5-19A and B.

Uncertainty: The effect of prompt and thermal radiation on the
equilibrium electron density and resultant absorption have been
neglected in Figures 5-15 through 5-18 and in the approximate
relations. For the effect on beta particle absorption produced
by changes in the neutral species composition from prompt radia-
tion, see Figure 5-20. For moderate ionization levels the pre-
dicted absurption is believed to be within a factor of two to
three.

Absorption from Cumpton electron ionization in the conjugate region.

Use Figures 5-15 through 5-18 with Np replaced by N.. Approxi-
mate expressions for one-way vertica?
in megahertz):

N 0.57
A = 99%2 (~5%) (baytime)
£~ \10

N 0.64
A = -—-—(-—‘:—) (Nighttime)

-

absorption in dB (frequency

i

-
'

ol




T .

O S MO ] G WU A8 T g i n S o

i,

[

L

Uncertainty: For moderate ionization levels the predicted ab-
sorption is believed to be within a factor of two to three.

i 1 '
}
‘\‘,‘ . ¢
i, = —— |
i i RO TRy

Absorption due to gamma radiation along propagation paths close to
debris regions:

This procedure is for debris regions that are below 120 km and
for which d < 200 km (see Figure 5-21 for geometry). For
higher debris regions or paths farther from the debris region,
use the procedure for paths far from the debris region.

The absorption calculated is the one-way path absorption (not
the vertical absorption).

f is in megahertz in the calculations.

Restricticns:

=
=

1
I

e VNegligible photodetachment due to fireball radiance.

i

e Tonization calculated using equilibrium sclution.

il

e Negligible changes in neutral species composition from
prompt and thermal radiation.

e Ambient atmospheric tempcerature and composition.
o Fission debris a point source of gamma radiation.
Choose from Figures 5-22A, B, C, D, and E the figure with the 3
angle of approach closest to 6. From this figure obtain A(f,),

the absorption at 1000 MHz, 10 sec after burst.

Calcnlate Ayz

6
~ 10°Y 11
A, = AL (—;5-)(———1”) .

For the effect of prompt and thermal fireball radiation on one-
way ahsorption (0 =0 degrees)—se¢e Figures 5-23A, B, and C.
Only th~ effect of prompt radiation on neutral species composi-
tion is included.

Absorption due to gamma radiation along propagation paths far from
debris regions:

Debris altitude above about 120 km or calculation points located
farther than 200 km from debris edge.




Restrictions:
¢ Equilibrium values for neutrul and ionized species.

o Effects of prompt and fireball radiation on the effective
deionization reaction rate coefficients can be neglected.

Incremental absorption versus IY for £=230, 300, and 1000 MHz—
see Figures 5-24 through 5-26.

One-way vertical absorption versus Iy—see Figure 5-27.

Approximate expression for one-way vertical absorption (fre-
quency in gigahertz):

0.0681 %% )
R / 104 <1 5107
£ ¥

< IYS 16~ }Day~ime

0. 0681 02

N Y 10? .
A = ——--—--—fz IY > 10" Nighittime .

The approximate express.cns restricted to frequencies greater
than 100 MHz at night and 10 MHz during the daytime. At lower
frequencies £-2 scaling “reaks down because the electron-
neutral collision freauency becomes comparable to the wave
frequency in the region of maximum absorption.

Uncertainty: The predicted absorprion is believed to be within
a factor of 3 for moderate ionization levels.

Comﬁarison of absorption due to gamm: and beta radiation--see
Figure 5-28.

%%
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ATTENUATION OF VLF AND . 7 SIGNALS
CAUSED BY NUCLEAR EXPLOSIONS

rms electric field strengrh (1-kW radiated power):

:

E() = E(4000) expl- MP.QL] V/m

8700
D = grouud range between transmitter and receiver (km)
E(D) = rms mode (VLF) or rms sky-wave sum (LF)
o = effective attenuation rate (dB/1000 km) .

E(4000) and o for spread-debris environment—see Figures 5-30, 5-31,
5-32, and 5-33.

Figures 5-30 through 5-33 show attenuation rates and field
strengths for beta-particle and gamma-ray ionization from a
uniform distribution of fission debris over the entire propaga-
tion path. The debris is assumed to be at several hundred

R kilometers altitude.

EI:OOU) and o for prompt-radi~tion environment—see Figures 5-34,
5-35, 5-36, and 5-37.

Figures 5-34 through 5-37 show attennation rates and field
strengths for ionization due to prompt radiation from a 1-MT
burst detonated at !-earth-radius altitude above the center of
the propagation path.

Uncertainty: Attenuation rates and field strengths are ob-
tained by ritting field-strength calculations for circuit path
ler.zths between 2000 and 8000 km. Predicted attenuation is
sensitive to assumed values for the ion-neutral collision fre-
quency ard ion-ion recombination coefficient. An ion-neutral
collision frequency one-fortieth of the electron-neutral col-
lision frequency was used in the VLF and LF calculations.
Larger ion-neutral collision frequencies would reduce the

predicted attenuation rates.
is the rms mode (VLF) or rrs
predict variations in signal

changes.

The calculated signal strength
sky-wave sum (LF); it does not
strength with circuit path length

due to interference between modes or sky waves. In addition to
attenuation, nuclear explosions can cause large, rapid phase

l

%
=
=%
2
=
£
E
=
3
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Figure 5-1. Electron-neutral collision frequency for the

normal atmosrhere.
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Figure 5~14. Offset of beta=-absorption region.
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SECTION 6
PHASE EFFECTS

INDEX OF REFRACTION

2 2 2.1/2
2u = [(1-A)" + B7] + (1-A)
K2 1 2.1/2
2(3) = ta-ntes)? oy
2
\ L mp Electron-ion and ion-.eutral
! I )2 . 2 ) collisions and collision-
édcm v frequency correction factors
em neglected,
B =t j
2 2 3,2 2
< . . 3 -
4,3 = 7, { :
5 (27)7(9 = 10™) Ne sec

For lossless medium (ng = 0):

noo= u
2 2

2 b 3
Tl 1-(-1’-) = 1-(—-————9xl°)N
5 f ¢

PHASE AND GROUP VELOCITY

v = S-
p u
\! - —C—

4 u'

7
= P4 ——
¥ @+ a5
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Vg = uc

2

V.V N
gp
REFLECTION

2
k

2 [

(I‘UZ) + (—u‘;’")

2

2
2 °2)
(L+uy)™ + (7;‘

NO
=\e("—') = -z/z
1 +e
1 -n
R }1 e,
|1+,

where

For lossless medium (G;nf=0):

Reflection coefficient for normal incidence on sharp boundary sepa-
rating region 1 (vacuum) and region 2 (plasma):

R versus v/w—see Figure 6-1.

Reflection coefficient for normal incidence with

3

6-3 through 6-5.

Zﬂizo ’
r‘ e —— -
s‘[l Fe ‘)}

n, evaluated with N : N (ie, z = +®). R versus zo/A-—scc Figures

6-2
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REFRACTION (INCREMENTAL BENDING

OF RAY PATH)
S
dW(;) = -—%;— QEﬁElids radians
ap
u(r)
T = position along path
P,s = orthogonal coordinates, s in direction of ray path,
p normal to ray path
> . . . eas >
d¥{r) = change in ray direction at position r.
For lossless medium (;Lm =0):
3.5 N (1)
) ) :
@) = i @ x107) _e ° 4 |
3\ 262 o %
1 - (9 x 10 ) Ve %

RANGE ERRORS

Resulting from change in propagation velocity (neglects ervors due to
change in path length caused by refraction):

S
AR =f (l- l)ds
o MM

For v._ = 0and w << w.
em p

2

1057 S
AR = _(_ng?gL f Neds cm
2f° (o)

DOPPLER SHIFT

£ 4 [S
D = E’B?:]Z (u-1)ds Hz

for v._ = 0 and » << w:
em

L3S

@ x 10%) 4 (S

D Tef  at A .\eds Hz

FARADAY RQTATION

- j .
d2 = = = - ds radians
57 (0, -w)

“=
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incremental polarization rotation

=4

-

t
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real part of index of refraction of ordinary and extraor-
dinary waves, respectively.

For Gém =0, << w, and quasi-longitudinal propagation (f > 40 MHz
and propagation not perpendicular to magnetic field):

332 W cos 6 g
£9 x 107) b N ds radians
2 2 e
cf (o]

Q =

wb = E—B- sec°l
m

B = magnitude of d-c magnetic field (for e = 1.6 x 10°% and
m=9 x 102%, B is in gauss)

® = angle between direction of propagation and magnetic field.

ELECTRON DENSITY INTEGRALS AND
RELATED ABSORPTION

Prompt radiation--see Figure 6-5.
Delayed gamma rays-—see Figure 6-6.

Beta particles--see Figure 6-7.

Fireball region above 100 km (electron density and temperature as-
sumed uniform) losses from electron-ion collisions—see Figure 6-8.

BEARING AND RANGE ERRORS
FOR PLANE STRATIFILATION

Geometry—see Figure 6-9.
Ray path equation:
dx _ sin 60
dh

JrEm) - sin(e,)
Reflection condition (igm = 0):
2
cos 8 f\ _
i g
9 x 10

Bearing error—see Figure 6-10.

5=k

s o,

ety

Eg ko e e




i, ot

bt iRl

tan 80 3.2 hyp
86~ —2 (9 x 10°) f N dh radians
FA e
2w h

T o 3

This equation neglects second-order terms; the error is less than
25 percent for

O st

Range error—see Figure 6-1U:
AR = RT cos 0O 4£0

Bearing and range errors as function of absorption: E

3 x 106 tan O
0

A6

Pl

= A degrees
v cos © h -
em o} T

4
AR —F x 10 A

3 km
cos” 8
Vem o
i%m = electron-neutral collision frequency at center of electron
' density integral
A = one-way absorption (dB)
35 hT = target altitude (km).

BEARING AND RANGE ERRORS
FOR SPHERICAL STRATIFICATION

Geometry—see Figure 6-11.

Ray path equation:

g..@.:i K
dr 22 .2
T4’ r- - K
K = u(r) r sin ¢ = constant.
-
¢ = angle between ray path and radius vector r.

Bearing crror:

6-5




R
A = ¥ - sin-l ﬁg-[sin(w + ¢o) - sin ¢O] .

For ¥ and 46 less than about 10 degrees:
Ro

A6 = ¥(1 -‘E;)

¥Y—see Figures 6-12 and 6-13.

Range errors—see Figures 6-12 and 6-~13.

Bearing and range errors as functions of absorption for n =

= 10—see
Figure 6-12:
y 107 A d
& = egrces
v T
cm O
4
AR = 2_>f___10 A km
v
em
Gém = electron-neutral collision frequency in absorptiorn region
A = one-way path absorption (dB)
r, = closest point of approach (km).

DISPERSION AND PULSE DISTORTION

For a gaussian pulse initially given by
tZ

f(t)y = s\o exp[— -+ i&}t}

207
After propagating through an ionized medium for which (m/wp}2>>1.
An/AO-—see Figure 6-14.
OD/GO——SCQ Figure 6-14.

Note: Af = 1/40 is handwidth of transmitted «ignals.
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SCATTERING-RADAR EQUATION

Neglecting multiple scattering the radar cquation can be written as

20 a1 e s
PR = / [ / PTG'F(6’¢’) e'joa']‘(rses‘b) dr}
9=0Y0=0%=0| 4ms?

-t

0 . .
, Lop(r.0,0) 5 P\ZGR(S’W
-{ov(s,e,cp)s sin 0 d6 do dS]

5 !
4ms” L A
where 5, 6 and ¢ are spherical coordinates with the origin at the

radar. When the distance to the scattering region, d, is much
greater than the spatial extent of the scatterer, Ad,

}Zp 21,7
P, ~ l [ Gr.(0, )Gy (8, 6)e -2L(6,9); ((6,0) sin & d6 do
’ (4n) d"
d
L(9:¢) = ar(r:e)‘b) dr
0
d+Ad _2] QT(r 8,4) dr 2 9
05(8,¢) = c (s,8,¢9)e ds m"/m”
d

For 1 independent of 6 and ¢ and for

a system with pulse com-
pression F,

b 3%F “A_/5 Gp(9,8)G, (8,)
Py = 5 0,10 p -—-———_— sin € d8 d¢
(4nd)
2 ‘)
f f G,r('Re - 0 (8,4) sin 0 d0 dé
s - JoJo

r
[j GG, sin 6 de do

where © is the solid angle subtended by the scattering regioa
when viewed from the radar.

3
3
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Normalized backscatter coefficient fo: a spherical particle versus
normalized circumference—see Figure 6-15.

Surface scattering is important for large electron density gradi-
ents and overdense plasmas., Both surface and volume scattering
may become aspect sensitive at high altitudes because of magnetic

field interaction,

Uncertainty: Surfuace scattering coefficient models de not gener-

ally include the effect of homogeneities and zre a sensitive

function of the assumed electron gradient scale length, especially

when the scale length and radio wavelength are comparable.

SCINTILLATION FROM STRIATIONS

Striations cylindrical, aligned with ambient magnetic field and con-

tained in a planar region (see Figure 6-16 for geometry). The
electron density is given by

2,2 —
3 = ) - <1 -
Ve(o) NO exp[-p /COJ Neb

RMS phase fluctuation for a wave passing through striated region:

1/2fiIN ©
A¢rms (‘%E) (‘;\%(':3) \IZGODNA cs¢ o radians

2
N = 9 X .}_(f_ -3
p ¥ cm

Range of A¢rms—-«ee Figure 6-17.

Angular fluctuation at phase screen:

A
Agrms - 2.62n00 A¢rms ‘

Angular fluctuation at receiver,

Range crror,

AR = — A +
rms .

p! 1 .
N bl P (_l!i')
2u rms 2 7S ‘rms Trms




the amplitude fluctuations,

1 z,z; >> z;
AA 2 . 2
() = minci, sop, )
277 \2
(Z+Z) 201‘7’ << Zl
7/2 - f
“f
z = S5
/
2’ = S-S )
£
2! = 3]
f 2

Amax(l, (A )7)

Doppler fluctuation

I
A¢rms - 2w Y

Beam spread loss

| G
7 207
(o] rms

SCINTILLATION EFFECTS ON BINARY
PSK COMMUNICATION SYSTEM

Probability of bit crror versus energy (signal) to noisec ratio--see
Figures 6-18 and 6-19.

Demodulation signal loss for binary PSK versus 1D/TS——see Figure 6-20.

Uncertainty: The prediction for the phase and amplitude are a sensi-
tive function of the model used for calculating the inhomogencities
associated with the striated medium. The bit error probabilities and
the demodulation signal loss predictions are further dependent on the
type and varameters of the signal processing technique. The latter
can be seen in the differences between Figures 6-18 and 6-19.
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Figure 6-1. Power reflection coefficient versus collision frequency for various
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Hartree theory used, with no magnetic field.
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Figure 6-11, Geometry for refraction by spherically stratified region.
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Figure 6-12. Refraction and range errors in spherically stratified medium,

6-17

P

bWt ot

T

2 e L 0 o 1, a5

T




i
A
e

iR

. N f
o , N ;
5 N Fgm 3
< N L ;
O \\ 7 .
z N :
2 =2 ;
g 0.8 Fp (n)

3 0.4 :
0.4 t
0.2 )

10 100

INTEGRAL VALUES OF EXPONENT n

Figure 6-13. Multiplying factors for refraction and range errors in a sphericaily
stratified region.

T - Y
"Ny SOURCE: MILLMAN AND

\\ RELL, IRE TRANS. 197)

STANDARD

A
l

F AMPLITUGE

NORMALIZED UNIT
S

7 | === 5% SIGNAL BANDV/IDTH
- o= - 10% SIGNAL BANDOYIDTH
A= 10" gLecTRONS /m? ( fN d’)
_ a8 2 .
8 = 10'® gLeCTRONS /m
'O" 1 N e | [ 4 N |
10l 10° ™

FREQUENCY (MHz)

Figure 6~14, Amplitude and pulse~length modification of compressed pulse
traversing ionosphere.

6~18




10 T T T T T T

n - 3.5-0.4i 3

E

5

o] 3

Y] n= 1.5-0.025 &

] 3

2 3

a E|

o 3

g F 1

. H

~ 5

g =
W

] 2

e 3

w =

b

0] 5

£ t

=

.H: 3

%07 F

&)
17.]

r PARTICLE RADIUS (m) 3

a, BACKSCATTER CROSS SECTION 3

* PER PARTICLE (m<) E

1072 i L ] | ; i
] b 3 4 5 & 7

NORMALIZED PARTICLE CIRCUMFERENCE, 2ur )

Figure 6-15. Backscatter efficiency as a function of normaiized
particle radius for wet clay and dry sand,

£
=
E
=
£
E
E
-
=
T
%z
€
H
z
IE




K9 VIRTUAL
i, D _jo-— IMAGE
-

RADAR

TARGET

t,

N i
)

E D)

E .

% '}i;.‘
.01

STRIATION
SCREEN

Figure 6-16. Scattering geometry.

10° =T i A AR LA S ALE SR A 2
- :
- 1 = ;
: S
e MAXIMUM-EFFECTS MODEL
E 10 b~ hp=
[ AVERAGE-EFFECTS MODEL ]
:1: - -
7 e 3
:; 'n - . .
E Q! 4 E
5 3 r
E g MINIMUM-EFFECTS MODEL
107! -
E: - s
: o -
e - 3
- %
]
3 w03 > |
104' Tt nxl 4 lLAl PR ;_.L P U SN
10’ 0t 10 10o* w’ w0’ 10 :
N, {c’nmn/:ma}

Figure 6-17. Magnitude of striation effects as calculated by three models.




PROBABILITY OF ERROR

10”

10—
8T =15
.4‘——— - A 1
U foTg = 0.08
- RMS PHASE ERROR (NOISE ALONE) = 5¢ —_
-~ SECOND~ORGER LOOP i —
SOURCE: MARGHAL et ol, SSL, 1973
Yol I NS SN NS NN NN SHN AN SN N ¥ O |
10 -8 -4 0 4 8 12 16 20

ENEKGY -TO-NOISE RATIO (d€)

Figure 54-18. Probability of bit error for o BPSK signal due to phase

£.T

scintiliations
‘DS

=0.01.

6-21




i "w-

T, e

BN 1
I | 1 -
10”! —]
—
'2 — Dt
i
59 L —
&
- P e
o3 L —
>
-
-l
g B N
4
03— ‘
— —
BT 1.5
1in-6
'0.4 fDTS 0
RMS PHASE ERECR {NCISE ALONG; 5°
= —
SECOND-ORDER LOOP
SOURCE  MARSHALL et of, ESL, 1973 7
105 | NS W O T NN N N | S D
-0 -8 -4 0 4 8 12 16 20

ENERGY-TO~NOISE RATIO (d3)

rigure 6-19. Probability of bir error forfx BPSK signai due to phase
T.=107°%
<

scintiliations, t

D

e




*uolyp| | 14u1ds 3soyd 0f INP SSO| UOID|NPOWP HSJE *0Z-9 @4nBig

_ 51,91 )
Ot © ot ot 0! ot
- " - -y - =0
pa— I‘Iﬂv.ﬂ.lll €461 *153 "1 19 WWHSAVW 3DaNOS
// ~ N w1 01 = ADV¥NIDN 4OO1
n
\ N I A

\ Wi g

/ = AJYENIDV 4001

4001 QINZON
ISVHJ 43Q¥O-NOD3S
gL = 18
aow3d 18 = i

il
NOUVIZN0DIa
NOLLVTILNIDS = 01

_____________

.________.__._\

it W @ 0t o sl ll B

(8P) SSO%1 TYNOIS

[}
AYel




SECTION 7
NOISE

THERMAL NOISE

For ar antenna with directivity G(9,¢9) viewing a fireball, the an-

tenna temperature TANT is
G(o, .
Tt = ff —%-f@l?s(e,m sin 6 ded¢
6 ¢

where

L, 1, + Ad
TS = TD(I -e ) + Tpge [1 - exp (- A U dx)]

T, is the temperature of the air between the antenra and the fireball,
at a distance d from the antenna, Tpg is the fireball temperature, Ad
the extent of the fireball, L, the total absorption up to the fire-
ball, and the appg the incremental absorption in the fireball. For a
narrow beam antenna when Ty is approximately independent of angle
over the beamwidth,

Ao AFB Ao

_ “10 - 710 100
Tany = 'I’o(l - 10 ’+ TFB(I - 10 )10 ,

wkere Ay is the absorption in dB up to the fireball and Apg is the
absorption through the fireball.

If the fireball filis only a portion of the anten-.. beam, the contri-
bution of the fireball emission is further reducc ¢ by approximately

the ratio of the solid angle subtended by the fireball to the solid
angle of the antenna bean.

SYNCHROTRON RADIATION

Electrun trapping efficiency—see Figure 7-1.

Synchrotron noise power spectral density per unit solid angle per
electron—seg¢ Figure 7-2,
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Synchrotron noise power per electron versus frequency with electron
energy as a parameter—see Figure 7-3.

Synchrotron nroise power per electron versus electron energy with fre-
quency as a parameter—sce Figure 7-4.
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Figure 7-1. Fraction of injected betas of energy E that drift to 500 and 1, 000
km east of injection point,
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Figure 7-2. Synchrotron noise power spectral density per unit solid angle per
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Figure 7-3. Power per electron versus frequancy with electron energy as a

Figure 7-4. Power per electron versus electron energy with frequency as o
parameter.
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SECTION 8
PROPERTIES OF THE ATMOSPHERE

For the calculations carried out in this volume the U.S. Standard At-
mosphere, 1962 is used for the altitude range 0 to 50 km; the COSPAR

International Reference Atmosphere (CIRA), 1965 is used from 50 to
120 km—see Table 8-1.

D-region minor neutral species model-—sce Figure 8-1.

The CIRA 1965, Model 5, 8 hours is used for calculations from 120 to
800 km—sce ‘table 8-2.

Since the completion of the calculations for this volume the new CIRA
1972 model atmospheres have been distributed. The mode! used for the
present calculations is within 5 percent of the CIRA, 1972 Mean Ref-
erence Atmosphere from 0 to 120 km. Above 120 km the CIRA 1972 Mean
Reference Atmosphere corresponds to an exospheric model which rcaches
1000°K whercas the model in Table 8-2 approaches 1200°K. Comparison
between the model used (Table 8-2) and the new CIRA 1972 Mean Model
between 120 and 500 km can be made using Tabje 8-3. Also the density
versus altitude for extremes in the CIRA 1972 Exospheric Temperature

Model and the CIRA 1972 mean are compared with the CIRA 1965 Model 5,
8 hours in Figurc 8-2.

Model ionosphere—see Figure 8-3.
Mass (M) penetrated between two points in atmosphere—see Figure £-4.

Geomagnetic field (centered dipole approximation)-—see Figure 8-5.

Geometric sunrise, sunset, and local noon zenith angle—sec Figure
8-6,
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Table 8-1. Properties of the atmosphere, 0 to 120 km. °

Altitude

Temperature

Density Pressure Pressure Mean Paiticle

h T » p Scale” Moleculor Concentration

(k) °K) (gm cm™3) (dynes cm9) Height Weight n
N M (cm"3)
(km)
0 288 1.236-03° 1.01E 04 8.4 28.96 2.55€ 19
2 275 1.01E-03 7.95E 05 8.1 2.09¢ 19
4 262 8.196-04 6.17€ 05 7.7 1.706 19
6 249 6.606-04 4.72E 05 7.3 1.376 19
8 236 5.26E-04 3.56E 05 6.9 1.09 19
10 223 413604 2.65€ 05 6.6 8.605 18
12 217 3.126-04 1.94E 05 6.4 6.49 18
14 217 2.2BE-04 1.42E 05 6.4 4.748 18
16 217 1.66E-04 1.04E 05 6.4 3.466 18
18 217 1.226-04 7.56E 04 6.4 2.53€ 13
20 27 8.89€-05 5.53E 04 6.4 1.85 18
22 219 6.456-05 4.05E 04 6.4 1.346 18
24 221 4.696-05 2.97€ 04 8.5 9.76€ 17
26 223 3.43E-05 2.19E 04 6.6 7.12617
28 225 2.51E-05 1,62E 04 6.6 5.21E 17
30 226 1.L4E-05 1.20€ 04 6.7 3.83 17
32 228 1.36E-05 8,89 03 6.8 2.8 17
34 234 9.896-06 6.63E 03 6.9 2.06€ 17
36 239 7.26€-06 4.98€ 03 7.1 1.51€ 17
8 245 5,37E-05 3.67E 03 7.3 112817
40 250 4_.00€-06 2.87¢ 03 7.4 8.31E 16
42 256 2.99E-06 2.20E 03 7.6 6.23E 16
44 261 2.26E-06 1.69¢ 03 *.3 4,765 16
" 267 1.71€-06 1.31£ 03 7.9 3.566 16
48 271 1.320-06 1.02€ 03 8.0 2.74E 16
50 271 1,04E-06 8.10F 02 8.1 2.16E 16
52 266 8.276-07 6.30f 02 7.9 1.72 16
54 266 6.54E-07 4.88E 072 7.7 1.366 16
‘ 56 254 5. 15607 3.76F 02 7.6 1.07€ 16
' 58 248 4.03E-07 2.88E 02 7.4 1} 8.39% 15
Motes:

Valves from 0 to 48 km are from U. 5. Standord Atmesphere, 1962; obove 48 km, from CIRA 1965.
b ’

1.23E-03 i 1 23 x 1073,
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Table 8-1 (Continued).

Particle

Altitude Temperature Density Pressure Pressure Mean
h T p p Scale Moleculor Concentration
) (km) (*K) (gm cm™3) (dynes cm=9) Height Weight n
Hy M {cm=3)
(km)
60 243 3.146-C7 2.20€ 02 7.3 28,96 6.54E 15
62 238 2, 43E-07 i 66€ 02 7.1 ! 5.06€ 15
o4 233 1.876-07 1.25E 02 7.0 I 2 %915
66 227 1.436-07 9.35€ 01 6.8 2.98E 15
o8 222 1.09€-07 6.94E O} 6.6 2.27€ 15
70 217 8.23E-08 5.12E 01 6.5 1.71€ 15
72 2N 3.20€-08 3.75€ 01 6.3 1.29E 15
74 204 4,636-08 2.72€ 01 6.1 9.62E 14
76 198 3.43€-08 1.95€ 01 5.9 7.13E 14
78 192 2,51€-08 1.39€ 01 5.8 3.23€ 14
80 186 1.836-08 9.75€ 00 5.6 3.80€ 14
82 186 1.286-08 6.81E 00 56 L4 2.65€ 14
84 186 8,93€-09 4.77E 00 5.6 28.95 1.86€ 14
86 186 6.25E-09 3.336 00 5.6 . 1.30€ 14
88 186 4.376-99 2.33€ 00 5.6 \/ 9.10¢ 13
9% 186 3.06E-09 1.63€ 00 5.6 26 94 6.37E 13
92 191 2.096-08 }.15E 00 5.8 28 89 452613
94 196 1.456-09 8.16€ 01 5.9 28.83 3.02€ 13
! 96 200 1.01E-0¥ 5.B6E O1 6.1 28.70 212613
! 98 204 7.11E-10 4.24E 01 6.3 28.52 1.50€ 13
100 208 5.06E-10 3,106 01 6.4 28.30 9.88€ 12
102 216 3.57E-10 2,296 01 6.7 26.02 7.61612
104 225 2.56E-10 1.71 0t 7.1 27.92 5.46€ 2
106 233 1.86E-10 1.30€ 01 7.4 27.82 3.98 2
108 242 1.37€-10 9.93€ 02 7.7 27.74 2.93¢ 12
110 251 1.026-10 7.69€ 02 8.0 27.66 2.1%€ 12
12 272 7.356-11 6.0 02 8.7 27.49 1.9 12
114 293 5.45E-11 4.85€ 02 9.4 27.34 1,18¢ 12
16 313 4.13E-11 3.95E 02 1.1 27.19 9.01E 1
1i8 k71 3.19€-11 3.27¢ 02 10.9 27.08 7.02€ 11
120 355 2.50€-11 2.73E 02 1.6 27.01 5.57€ 11
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Table 8-2. Properties of the atmosphere, 120 to 800 km,

Prevure
Altitde | Tomperature| DEMitY Pesure | Scole Meon n(N,) 10, (0} n(He) n(A)
h 1 P 3 [ 2 Height Moh.c.: o 3 2 3 v 3
&m) *K) @mem™) | dynes em™) HP W:;QN (em™) ) {em ) {em ™) {em ™)
km)
120 3ss 2.4906-11°] 2.722€-02 1.6 27.01 4,000€ 11 | 7.500€ 10 | 7,600€ 10 | 2.400E 07 § 4, 500t 09
130 477 8,710E-12 1,312€-02 16.0 26.35 1,383 1) | 2.325€ 10 | 3.650E 10 | ).801E 07 § 1.123€ 09
140 573 1. CH6E-12 7.490€-03 19.7 25.74 6.302E 10 | 9.729€ 07 | 2.1S4E 10 | 1.4B1F 07 | 3,960t 08
150 652 2,176E<12 | 4.690E-03 23.0 25.14 3.308E 10 | 4.745E 09 | 1.4VIE YG | 1.273E 07 | 1,670E 08
160 il 1,281E-12 3. 122603 26,1 24,60 1LE91E 30 | 2.542€ 9 | 9.BY7E 09 | 1.122E 07 | 7.854F 07
170 783 8.077F-13 | 2.1736-03 2.1 24.06 1.147E 10 | 1.454E 09 | 7,122E 09 | 1.006E 07 { 3,990t 07
180 8% 5,2638-13 1.566€-03 32.0 23.54 7.284E 09 | 8.737€ 08 | 5.335E 07 | 9.13€E 06 | 2. 150€ 07
190 889 3.617€-13 1. 161€-03 4.7 23.04 4. 794E (7 | 5.463E 08 | 4.099E 09 | 8.385E 06 | 1.2V4E 07
200 933 2,557€-13 8, 792604 37.3 22,55 3.249€ 09 | 3.527€ 0B | 3.216E OV | 7.760E 06 | 7,113k 06
210 970 1,857¢-13 6.783E-04 9.8 2,07 2.254E 07 | 2.336€ 08 | 2.565E 09 | 7.232E 06 | 4,294 06
220 1003 1,379E-13 5.3130 04 2.1 21.65 1.574E 09 | 1.5B1E 08 | 2,07SE 09 | 6.779€ 06 | 2. %60 06
230 1032 1.043E-13 4,2148-04 4.3 21,23 1.146E 09 | 1,GBAE 08 | 1.698E 09 | 6.385E 06 | 1,630F N6
240 1056 8.018E-14 3.379E-04 46,3 20.83 8.340FE 08 | 7.596E 07 | 1.403E 09 | 6.037€ 06 | 1.079E 06
250 1076 4.249E-14 | 2,735E-04 48.2 20.44 4.138E 08 | 5.367E 07 | 1,168E 09 | 5.728E 06 | 7,030¢ 05
260 1094 4,928E-14 2,2328-04 50.1 20,08 4.558E 08 | 3.8295 07 [ 9.783E 08 | 5 449 06 | 4,632E 05
270 Hoe 3.927-14 1.834E-04 51,8 19.74 2.411E 08 | 2.755c 07 | 8.242E 08 | 5.195¢ 06 | 3.082¢ 05
280 1122 3.158E-14 1. 51664 53.4 19.42 2.569E 08 | 1.996E 07 | 6.975E 0B | 4.983E 06 | 2.087¢ 05
x0 133 2. 560814 1.2616-04 54,9 19.12 1.945E 06 | 1.455€ 07 | 5.927€ 08 | 4.749E 06 | 1.377€ 05
300 142 2,0006-14 1.054€-04 5.4 18.84 1,480 08 | 1.066€ 07 | 5,053F 08 | 4.550E 06 | 9,491 04
20 115 1. 420E-14 7.451€-05 0.1 18,32 8.866E 07 | 5.797€ 06 | 3.702E 0B | 4 191E 06 | 4 450F 04
40 167 9.857¢-15 £.347€-05 61,4 17.88 S 137E 07 | 3.195E 06 | 2.734E 08 | 3.873¢ 06 | 2.120¢ 04
340 1174 6,954E-15 3. 8B4E-05 8.6 17,48 3.075€ 07 | 1.779E 06 | 2.035¢ 08 | 3.589E 06 | 1,023E 04
380 1180 4.979€-15 2.850E-05 85,6 17.14 1.854E 07 | 9.991€ €5 | 1.522€ 0B | 3.33)E 06 | 4.982E 03
400 1184 3.607E-15 2. 110£-05 67.4 16.83 1.125E 07 | 5.850€ 05 | 1.142E OF | 3.097E 08 | 2, 448¢ 03
420 1186 2.635€-15 1.570€-05 8.1 16,55 6.837€ 06 | 2 JOCE 05 | 8.588E 07 | 2,582€ 06
440 118 1, 945E-15 1. 180€-05 70.7 16,29 4, 1L9E V6 1.B29E 0% | 6.4872 07 | 2.685¢ 06 n(H)
440 1190 1.4476-15 | 8.920€-06 72.3 16.05 2.577E 06 | 1.050E 05 | 4,913k r7 | 2,503k 06 em*d
480 1191 1.083E-15 &, 7856E-06 73.9 15.80 1.591E 086 | 6.058E 04 | 3,729€ 07 | 2.335E 06
500 192 8. 154E-16 5 193606 75.6 15.56 9.858E 05 | 3.507€ 04 ¢ 2.836€ 07 | Z.180E 06 | B 737¢ 03
520 L) 6. 171E«16 3. 998606 77,3 15.31 6,128 05 | 2,038F O¢ ! 2,16iE 07 | 2.037¢ 06 | 6.586¢ 03
540 1193 4,693E-16 | 3.097E-06 7.2 15.03 3,821€ 05 | 1.188E L4 I 1.650¢ 07 | 1.903E 06 | 8.442F 3
560 1194 3. 584€-16 2. 414606 81.3 14,74 2,390 05 | 6.952E 03 | + 262 07 | ) 780t 06 | 8,300€ 03
580 1194 2 750E-16 1. 894E~06 83,7 4.4} 1.499€ 05 | 4.081E 03 | 9.647€ 06 | 1,665E 06 | 8. 162E 03
600 194 o 119816 1. 497E-06 8.3 14,06 9.428F 04 | 2.404E 03 | 7.418E 06 | 1.558E Oo  8.027E 03
620 1194 1 S40E-16 1. 192E-06 89.3 13.67 5.947F 04 1,420 03 | 5.701€ O5 | 1.438F 06 | 7.895E 03
640 1195 1.274E=14 9. 564807 92.7 13,24 37670 04 | b At7E 02 | 4.389€ 08 | 1.386E 06 | 7.786E 03
660 1195 9.952E+17 7.7428-07 96.7 12,77 2,385 04 | 5.004E 02 | 3.384€ 06 | 1.230fF 06 | 7,640F 03
680 1195 7.810£-17 | 6, 325€-07 101.2 12,27 1.507E 04 | 2.984F 02 { 2.613¢ 06 | 1.200f 06 | 7_518¢ 03
700 195 6. 181E-17 | 5.216E-07 108,4 .74 9.673E 03 1.785¢ 02 | 20216 06 | 1.125E 06 ] 7. 97¢ 03
720 1195 4,888E-17 4. 44E-07 112.4 1,18 6,184z 03 1.071€ 02 | 1,565¢ 06 | 1.055¢ 06 | 7,280F 03
740 195 3901617 | 3.654E-07 1191 10,61 3.963F 03 | & 4426 01 | 1,214 08 | 9.90ZE 05 | 7.165¢ 03
760 1195 3,135€-17 3. 105€-07 126.6 10,04 2.548F 03 | 3.837€ 01 | 5.429€ 05 | 9.295¢ 05 | 7.052¢ 13
780 195 2,537€-17 | 2,654E-07 135.0 9.46 1,640 03 | 2,352 Ot | 7,334E 05 | 8,729t 05 | &,942¢ 03
800 1195 2,0688-17 | 2, 309E-07 144, 3 8.9 1.05¢€ 03 1.427¢ O 4 5,713 05 | 8.200¢ 05 | 6,834F 03
Note:

). 490E-11 15 2.490 5 107,

Source: 1985 CIRA Atmosphere, Mode! 5, 8 hr,
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PHYSICAL CONSTANTS AND CONVERSION FACTORS

UN{VERSAL CONSTANTS

c = 2.99793 x 10°
e = 1.602 x 107
h = 6.625 % 10
= 4.15 x 10713
he = 1..5
J = 4,186
ke = 1,380 x 10”
1
~ 11600

hk ~ 4.8 x 10711

25
L = 2.69 x 10
(o]
m = 9.108 x 10°°1
[o]
mc’ = 0.5110
(o]
_9,7 ~ 2 x10°¢
mCc
¢
23
N = 6.025 x 10%
[o]
Y = 2.818 x 10°
[24
R = 8.317 ~ 107
(o]

SECTION 9

-1
m sec

coulomb
joule sec
oV sec

keV angstroms

joules (gm—calforie)'1

joule (°K)~!
ev (°x) !
sec (°K:

-3
molecules m
kg

MeV

volt™!

(gm-mclf;‘)hjl

m

joule (kg-mole)”}

9-1

(°K)

velocity of light in
vacuum X

electron charge

Planck's constant

mechanical equivalent
of heat

Boltzmann constant

Loschmidt number

electron rest mass

Avongadro's constant

classical electron
radius

gas constant
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i v = 331.7 m sec” velocity of sound

(air STP)
€, = 8.85x 10712 farad m™ ! permittivity of free
space
- -5 -2 -1 o,-4 .
g = 5.669 x 10 ergs e¢m ~ sec = (°K) blackbody emittance
~ 1 jerk shake™! em™? kev™?

CONVERSION FACTORS

Length

1 km = 1,000 m = 3.281 kft = 0.6214 mi

1 kft = 0.3048 km = 0.1894 mi

1 mi = 1.609 km = 5.280 kft = 0.8690 nmi

Cross Section %
1 barn = 10”% cm2

Energy
1 eV

1.602 x 107 joule = 1.602 x 10712 ¢rg

3.8 x 1072 keal

1 erg = 6.24 x 1011 v
3 1 kcal = 4.186 x 100 erg = 2.63 x 1022 ey
'f 1 jerk = 1016 ergs

1 Rydberg = 13.605 eV

1 MT = 1015 calories

~ 4,18 x 1022 ergs

it

o
il

Other Energy Relations
E 1 vad = 100 erg gm™ )

- For nonrelativistic particles:

T2
3 E(eV) ~ 5 x 10° A(—\—g)
10
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T o, TV

e e on e ALYk Ao

Time
1 shake

Pressure

1 atm

1 torr

1 dyne em™2

Temperature
1°C

0°C
Wavelength
I

lu

A = atomic weight

lor velativistic electrons:

E(MeV) v/c E (MeV) v/c
0.01 0.1956 0.1 0.5486
0.02 0.2727 0.2 0.6966
0.03 0.3293 0.3 0.7777
0.04 0.3751 0.4 C.8289
0.05 0.4138 0.5 0.8638
0.06 0.4474 0.6 0.8888
0.07 0.4771 0.7 0.9073
0.08 0.5037 0.8 0.9215
0.09 0.5277 0.9 0.9326

1.0 0.9416

1.0133 bars = 1,0132 x 10° dynes cm™?

14.70 psi = 760 torr = 29.92 in. Hg

1 mm Hg = 1.333 x 10° dynes cm™2
= 1.316 x 10" atn

= 9.87 x10™7 atm = 7.5 x 10™% torr

= 1°K = 1.8°F = 1.8°R

= 273.16°K = 32°F = 459.72°R

10°° em

4

107" em = 10

n




M = 28.9644
o

= /
n (No‘Mo)p

2,08 x 1022

(Ro/Mo)pT
6

ATMOSPHERIC RELATIONS

(Y

2.875 x 107 pT

average molecular weight (h < 100 km)
number density

en™® (h < 100 km)

pressure

dynes cm™% (h < 100 km) .
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